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ABSTRACT 


Various oe radiopharmaceuticals were investigated 
for their potential use as bone scanning agents. 


686, 


A method was developed for the preparation of 
polyphosphate, 68¢4-gallium-polyphosphate and ©8Ga( 0H). 
Animal distribution studies indicated that six hours after 


the intravenous administration of 68 


Ga-polyphosphate to 
mice, approximately 50% of the administered dose accumulated 
in the bone, with about 16% remaining in the blood. The. 


68 ¢3-polyphosphate 


addition of carrier gallium to the 
complex (©8¢a-gallium-polyphosphate) enhanced the bone 
uptake of the complex. Bone levels four hours after the 
injection reached approximately 64% of the administered 
dose while,.the blood level was only 6%. The tissue-to- 


68 ¢4-gallium-polyphosphate 


blood ratio calculated for the 
indicated that bone was the only tissue which actively 
concentrated the complex. After the intravenous adminis - 


68¢a-gallium-polyphosphate to. Yabo 1 ts5. tie 


Lrattron, OF 
complex accumulated in the bone mineral by a factor of 20 
times greater than in the bone marrow. 

Approximately 35% of the administered radioactivity 
of °8Ga (0H) localized in the liver within four hours 
following the intravenous administration to mice. This 


Suggested the presence of colloidal particles in the 


preparation. 
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Toxicity studies indicated that sodium tripolyphos- 
phate, at an intravenous dose of 200 mg/kg in mice, was 
acutely toxic. Sodium tripolyphosphate doses below this 
level and containing carrier gallium were non-toxic. No 
histopathological changes were apparent at any of the dose 
levels investigated in any of the tissues examined. 

Bone images were obtained on a Pho/Gamma Positron III 
Scintillation Camera following the intravenous administra- 


8 


tion of 68¢4-polyphosphate or . Ga-gallium-polyphosphate 


to. rabbits. 
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INTRODUCTION 


The use of short-lived radioisotopes for imaging 
procedures in nuclear medicine has become increasingly 
popular (1). With the advent of such radioisotope genera- 


tors as the fe Mokoa f ES Sar SH a and oe eee Ga systems, 


ach 
a convenient and practical source of the short-lived radio- 
isotopes has been established. These generator systems 
yield radioisotopes possessing a high degree of purity, both 
chemical and radionuclidic (2). 


Ze ee he ied mao da um 


Recent investigations using 
tripolyphosphate in the field of bone imaging (3) have 
motivated additional research in this area to design a 
radiopharmaceutical that would possess the following desired 
characteristics: 

(i) the radioisotope selected should be of sufficient 
short half-life to warrant its practical use 

(ii) it should be available, if possible, through a 
radioisotope generator of sufficient long-life 

(iii) a significant fraction of the injected material 
should be concentrated rapidly by the bone, 
therefore the agent must have a strong affinity 
for bone 

(iv) the bone scanning agent must possess a differen- 
tial uptake between tumor-involved and normal 


bone 
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(v) a high bone-to-background ratio is advantageous; 
this would necessitate rapid clearing of the 
agent from the soft tissues and blood and rapid 
renal excretion of the fraction not accumulated 
by bone 

(vi) it should be possible to administer millicurie 
amounts of radioactivity resulting in a shorter 
scanning time with an increase in resolution 

(vii) it is desirable that scanning or imaging proce- 
dures be started as soon as possible following 
the injection of the radiopharmaceutical. 

Since both gallium and polyphosphates are known to 
possess an affinity toward bone, it seemed logical to 
investigate a preparation incorporating the characteristics 
of both these compounds. The parameters studied included 
the chemical preparation of the complex, its tissue distri- 
bution and its potential toxicity. 

The radioisotope generator which incorporated the 


68, 68 


parent-daughter pair Ga was first proposed by 
Gleason (4) and later modified by Green (5) and Yano (6). 
Gallium-68 decays mainly by positron emission, permitting 
the application of coincidence detection techniques with a 
positron camera. Gallium-68 radiopharmaceuticals have been 
used in imaging procedures for various organs including 

the brain, bone, bone marrow, lung, kidney and liver. 


Gallium-68 was chosen for this study on the basis of its 
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one hour half-life, its availability from a generator system 
and on the possibility of using coincidence detection 
techniques allowing the administration of lower amounts of 
radioactivity as compared to some agents currently used for 


bone scanning. 
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Pr Gallaum 
A. History and Chemistry of Gallium 

Gallium, with an atomic number of 31 and an atomic 
weight of 69.72, belongs to group three of the periodic 
table (7). The existence of gallium had been predicted by 
the Russian chemist D.I. Mendeleev who in 1871 described 
the unknown element as eca aluminum. Lecoq de Boisbaudran, 
a French spectroscopist, was credited with the actual 
discovery of gallium in 1875 from his observation of two 
intense lines in the spark spectrum of sphalerite, with 
wavelengths of 4172 and 4033A, which he ascribed to the new 
element (7). 

Gallium is closely associated with aluminum and is 
found in ores and minerals containing aluminum. They have 
Similar chemical properties as well as having a similarity 
in the structure of the outermost shells of their atoms. 
Both have the same charge on their ions, (Gasee mee (ahaha. 

In nature gallium exists as a mixture of two stable 


6 7l¢a (39.5%) (7). In addition, 


isotopes Ga (60.5%) and 
many artificial radioisotopes of gallium are known to exist 
tt. 8 :29))us 

Anhydrous gallium trichloride, GaCl., is very hygro- 
Scopicy Sit fumes in air as At absorbs moisture and iis 
converted into a gel-like substance (7). It is very soluble 
in hot or cold water (10) and dissolves with the evolution 


of heat (7). 


Mer thal tne 5 enter, 26 iow 26 aot dv9qnys Tsotmeds weit 


ofmots 16. bis. 1€ to ‘asian’ on f 
otboireg ant to contig: quove ‘ot saimbiel: pe tod 
yd bet 9 fbS4q nese bed yt t Bp to sonsteixe oft Aas 
badt1989b Vel ae ow vestsbnolt as @ + satwieHts oa 
_merbusde hoe sb poss ain Fits. ‘629 26 treme fo: riwe oF - 
[sydos Sift dttw bettbess asw . tetqoveensoane vii 
ows Fo nottsvisedo 2in mov. axer nr mut TT 89 to isvooet 
ddtw ott ratadde a mursogqe tage end ot asntt . 
wan ont of bad noes on dota Recon bine Strep. to. easenaton 
i me jay ee oe AT) Sos 
ic a. bis mun tne ts atiw ‘pod si 20226 beteins ah wut 188 
‘over al -sawatau ts entafagnos etaranim bas 2e70 at 


4 2noF5 5 Pena to etree’ ‘eomrssuo ont to. erutonyse od) “| 
nis (FOR 7H) anor abodt nia” sovatta ams2 sid over as08 
gidsde ows to oaudeh f 25 etetxs. muFT Tse eyut 6A at 5 
cnotstbbe at | AR cna ee) oa! *- bes (ke. Gd). ®? eoqotoet f , 
 datxs. i: “amon ys 815 mut Tg. to eamosoaT or bey tetott tse Yasin zs 
| ~(@. 8, AX) 
nora visy at gf cebFiatidoras. muF fT sp evorbydad Gat cn 
at brs Biyserom advozds. tf a6 Vhs at esmut a1 .otqooe 7 
 afduoa yey 2h a1 9) oonsd 
aotsulovs aig Agtw csufoeet® bas on) 188 6m bios vo tod ot” 
ae ron to 


fedwe aa isp 5 oSnt betinevaos 


Gallium hydroxide [Ga(0H),] is formed by the reaction 
oF bases on solutions of gallium salts or by the action of 
acids on solutions of gallates (7). For example, when 
GaCl, is titrated with a strong base such as NaOH, tne 
precipitation of Ga(0H). appears after the additon of 2.8 
moles of NaOH and five reaction stages can be distinguished 
in the range of molar ratios of NaQH:GaCl, from 0.5-4.0. 

In the first reaction stage, the addition of one equivalent 
of NaOH produces a soluble basic salt which dissociates 
yor 


into the ions Ga(OH)C1l, = Ga(OH + 2 Cl. When two equi- 


valents of NaOH are added a soluble basic salt is formed 
which dissociates into the ions Ga (OH), and Gl. fn poten 
cases the solutions are transparent with neither Ga (0H), 
nor tts salt being formed. With the addition of 2.0-2.8 
equivalents of NaOH, a precipitate composed of Ga(OH), _Cly » 
is formed and after 2.8-3.0 equivalents of NaOH, Ga(0H), 
Precipitates, Wircn cane pertia livyecxtsc wt col londal state. 
With the addition of excess NaOH it is possible to dissolve 
the Ga(OH), and the resulting solution would contain ions, 
primarily in the form of [Ga(OH),] . but also as [ea(OH),]° , 


when the Na0H:GaCl, ratio is greater than four, usually 


3 
DeGanwiiNg ear OH fl. Uo=1 1 auz Ur fr, 

The pH at which the precipitation of gallium as the 
basic salt or as the hydroxide starts depends on the GaCl, 
concentration, the operating temperature and the nature of 


the anion of the salt when other gallium salts are used. 


At a GaCl, concentration of 0.06-0.18 moles per litre, at 
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25°C, the precipitation of the bastc salt or of Ga(0H)., 
has been reported to occur at a pH of 5.01-5.15. As the 
temperature and gallium concentration rise, the pH at the 


onset of precipitation decreases (7). 


B. Uses of Gallium 

The industrial applications of gallium utilize 
various chemical forms of this element. For example, high 
purity gallium is used in semiconductors. Gallium arsenide 
(GaAs) has found use in the production of solar batteries. 
Gallium-phosphide, due to its high boiling point of 1983 C, 
is used in rectifiers that are employed for operations 
at high temperatures. Gallium metal is used for filling 
quartz thermometers for measuring temperatures between 
600 C and 1500 C. Liquid gallium is used in the "cold" 
soldering:of metallic and ceramic materials such as for 
joining fine wires in heat sensitive instruments. 


The uses of gallium in medicine have been confined 


172 67 68 


to the isotopes Ga, Ga for tumor scanning (7). 


Ga and 


C. Biological Studies of Gallium 


1. Tissue Distribution of Gallium 

Using a chemical method for estimation of gallium 
in tissues, Dudley (11) observed high kidney and liver 
concentrations for up to 20 days in the rat following the 
subcutaneous injection of Ga-lactate, 100 mg/kg. Gallium 


also entered the bone and was retained there for more than 
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90 days with only slight loss. After intravenous injection 
of Ga-lactate in the rat, plasma gallium was initially high 
but dropped rapidly. Subcutaneous injection produced only 
a moderate plasma concentration which fell slowly to a 
constant value after 24 hours. Gallium-72 as the lactate 
administered intravenously or as the citrate administered 
subcutaneously was first used to study the bone deposition 
of gallium in rabbits and dogs using autoradiography (12). 
Gallium-lactate, at a dose of 8 mg/kg, was found to be 
selectively deposited in those areas of greatest osteogenic 
activity, namely the epiphyseal junction, especially in the 
young animal. 


Jeea-citrate Tri tyatsi, 


The subcutaneous injection of 
dogs and rabbits resulted in only the kidney and bone showing 
any marked deposition of the gallium (13). Additional 


/ega-citrate administered subcutaneously to 


studies with 
rabbits indicated that the epiphyseal junction absorbed 
four to five times the concentration of gallium as deposited 
in adjacent bone and svg that the callus of healing fracture 
concentrated gallium to a degree two to three times that 
found in the bone adjacent to the fracture site (14). 

The use of Jena in humans was first described by 
Mulry (15) using patients with proven bone metastasis. 
Administration of 300-400 uCi of Tees as the citrate contain- 


ing 3.8-5.0 mg of carrier gallium was performed by infusion 


drip. Geiger counting techniques applied to the skin surface 
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eq, was concentrated in the bone lesions 


indicated that the 
by a factor of 20 times compared to levels in adjacent bone 
tissue. Similar findings were also reported by Lang (16). 


The distribution of fe 


GaCl, (pH 2.0-2.2) was studied 

in the rat following intravenous administration but no 
differential uptake was seen in any one tissue although 

the liver had the highest relative concentration initially 
which decreased in parallel with the plasma level. Follow- 
ing intravenous administration of Meca-citrate Cotas; 

the bone took up the larger fraction of the dose and held 

it more firmly than the tissues of next highest concentration, 
namely the liver, spleen and kidney (17). 

It was reported by Dudley et al. (18) that gallium 
chloride was not absorbed from the gastrointestinal tract 
of rats fed gallium chloride or nitrate at a dose of 1 g 
of gallium/kg of food over a 13-26 week period. The 
alkalanityhofethe- intestinal tract.was sufficient.to convert 
Gall. to the hydroxide or other insoluble complex. Only 
trace amounts of gallium nitrate were detected chemically 
in the liver, spleen and kidney. Similar results were 
obtained when gallium citrate was fed to rats at a dose of 
loa/kg of food (19). 

The tissue distribution of 67¢a-citrate after 
intravenous administration in the rat was first reported by 
Bruner et al. (20) who found that the quantity of gallium 


administered as carrier gallium influenced the manner in 
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which the metal was distributed and excreted. This is 
Shown in Table I. The authors point out that the results 
observed at the 2.5 and 25.0 mg Ga/kg dose range are similar 


lee, ( 1) < 


to those reported previously for 
Increased ‘eea-citrate tumor uptake following intra- 

venous administration was found in only 8 out of 14 patients 

known to have definite bone metastases (21). It was therefore 


concluded that 72 


Ga did not appear to be too prominsing as 
a clinical diagnostic tool. 

Konikowski et al. (22) investigated the tissue 
distribution of 6/e¢a-citrate, lactate, chloride and DTPA 
complex following intravenous administration in tumor 
bearing mice. The chloride was adjusted to a pH of 3.0 
Since earlier work had shown that GaCl, would begin pre- 
Cipitat mgedas ‘the shydroxide at pH 3:5<4.0.a thheechtoridey 
citrate and lactate compounds displayed similar tumor 
uptakes, while tumor concentrations of the DTPA complex 
were considerably lower. The citrate and lactate showed 
similar liver uptakes eee the time period of study. 
Liver uptake of the chloride, 30 minutes after injection, 
was about three times that of the citrate and lactate. 
The Ga-DTPA complex levels in the liver were very low. 

68 ca-EDTA was first proposed for brain scanning by 
Anger et al. (23). Studies in the rat showed approximately 


0.05% of the dose accumulated in the brain one hour after 


intravenous administration. None of the other organs, 
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including the liver, appeared to concentrate the material 
to any extent. No mention was made of the concentration 


68 


of the Ga-EDTA in the kidneys. 


2. Gallium Excretion Studies 

Following subcutaneous injection of 90-100 mg/kg 
of stable Ga-lactate into rabbits 90% of the total gallium 
excreted was in the urine with the remainder being in the 


fees citrate was administrated subcuta- 


feces (24). When 
neously to rabbits an average of 45% of the injected gallium 
was excreted in the urine within 16 hours with 0.8%-1.3% 
of the dose in the intestinal contents and 0.3%-1.1% in 
the feces after 12-18 hours (13). 

In a series of patient studies Mulry (15), after 


eca-citrate intravenously, found that the 


administering 
greatest icp of the radioactivity excreted was within 
Lhe: tf ipsts sixo hours as terviniection reaching negligible 
values after 24 hours. 

Munn et al. (25) reported that a dose of 5 mg/kg 
of stable gallium-citrate administered to rabbits resulted 
in a greater portion of Eee being retained following 
intravenous injection than by subcutaneous injection. 
Also, the larger the subcutaneous dose the greater was the 
retention of gallium, being some 20 times greater at the 
45 mg/kg level than at the 5 mg/kg level. 

Excretion data for ea EDI after intravenous admin- 


istration to rats was presented by Anger (23). These 
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results were similar to the results observed by Foreman (26) 
who injected EDTA as the CaNa,-EDTA complex into rats with 
the result that about 80%-90% of the injected material 
passed rapidly out of the vascular system into equilibrium 
with extravascular space. The biological half-time of 
the remaining material in blood for both man and rats was 
about one hour. The principle route of elimination was 
via the kidneys and in man over 95% of the dose was 
excreted within 24 hours. 

Edwards et al. (27) reported that following a 2.5 


67 ca-citrate in man the whole-body retention 


mCi dose of 
was about 65% that of the injected dose after seven days. 
Urinary excretion was greatest for the first 48 hours with 
20%-30% of the total excreted dose being eliminated 


within that time. 


32 Goi lium TOxicrcy oeudies 
Tne acutely toxic dose, LDe 4 (10 days), for stable 


Ga-lactate administered subcutaneously to rabbits was 
reported to be 480 mg lactate/kg body weight (28). Dudley 
(18) later reported the LD, (10 days) for stable Ga-lactate 


in rats and rabbits to be: 


IW*Rats: atravenous Injection 47 mg Ga/kg 
subcutaneous injection 121 mg Ga/kg 


In Rabbits: intravenous injection 43 mg Ga/kg 
subcutaneous injection 97 mg Ga/kg 
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Perkinson et al. (29) reported that an intravenous 
dose of stable gallium of 8-10 mg/kg in rats produced an 


inhibitory effect on the oxygen consumption of the liver 


ac 


lasting 6-12 hours. Stable gallium plus Gaevle 7 nc i/ko) 


produced a greater decrease lasting from 18-24 hours. No 


histologic damage was seen at either dose. 


72 


Bruner et al. (30) showed that if enough ‘“Ga-citrate 


were injected intravenously into rats and dogs they displayed 


opisthotonus and died of acute respiratory paralysis. Admin- 


/2Ga-citrate prevented 


Rad 


istration of calcium prior to the 
these deaths. The LDeg (10 days) of Ga-citrate admin- 
istered intravenously to the rat was found to be greater 
than 220 mg Ga/kg body weight with the LD 19 50,90 Gl Sydays ) 
in dogs being 10.5, 18.2 and 41.1 mg Ga/kg respectively. 
Vomiting, anorexia, debilitation and weight loss were common 
signs soon after injection. At autopsy the kidneys were 
enlarged and pale. The tubular destruction ranged from 
cloudy swelling to severe necrosis with sloughing and 
blockade. All the lymph nodes were about three times the 
normal size and form. The immediate cause of death was 
uremia secondary to acute damage to the renal tubules (30). 


The LD, (10 days) for the subcutaneous administration 


of stable gallium-citrate to a number of animal species as 
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reported by Dudley et al. (19) are: 

600 mg/kg (albino mouse) 

220-240 mg/kg (50-100 g rat) 
100 mg/kg (100 g rat) 
45 mg/kg (2.0-2.5 kg rabbits) 
10-15 mg/kg (dogs and goats) 
The LD, 9 for sodium citrate and sodium lactate in 

mice following intravenous administration have been found 
to be 115 mg/kg body weight and 500 mg/kg body weight 


respectively (22). 


/¢ca-citrate as a therapeutic 


In the evaluation of 
agent for the treatment of skeletal lesions in man, doses 
of 10-100 mCi of Teea and stable gallium were given by 
intravenous drip. Toxic manifestations reported were: 

(i) profound bone marrow depression characterized by 
decreased white blood cell, platelet, and red 
blood cell counts with hypoplasia of the marrow 
elements probably due to radiation effects 

(ii) skin rashes such as folliculitis, extensive 
maculopapular rash, exfoliative dermatitis and 
itching due to’ toxicity of the stable gallium 

(i171) gastrointestinal tract symptoms manifested as 
anorexia, nausea, and vomiting resulting from 
both radiation and stable gallium effects (31). 


68 ga-hydrous ferric-oxide colloid administered 


intravenously to rabbits and dogs at doses up to 10 mg Fe 
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per kg body weight or 10 times the proposed human dose 
have not produced any notable adverse reactions. No 


Significant histological abnormalities were detected in the 


68 


lungs, adrenals or kidneys (2). Doses of Ga-Fe(0H) 


S 
up to several thousand times higher than those expected to 
be administered to humans produced no visible effects in 


mice up to 30 days after intravenous injection (32,33). 


D. Protein Binding Properties of Gallium 


Using a variety of techniques, Hartman and Hayes (34) 
attempted to demonstrate that the lack of early specific 
localization in bone at low levels of gallium in the citrate 
form was due to the binding of gallium by serum components. 
Using ultrafiltration they found that a membrane capable of 


retaining solutes with a molecular weight greater than 


iz 


10,000 retained 80% of the Ga-citrate in serum and only 


eea-citrate in normal saline. Using gel 


V2 


58% of the 
filtration it was observed that Ga-citrate in serum was 
eluted in the early fraction where protein with a molecular 
weight greater than 5,000 normally would be eluted. Tee, 
in normal saline was eluted only in the later fractions and 
then only to a limited extent. With equilibrium dialysis 
the degree of Laea binding with rabbit, human and rat serum 
was found to be 91.0%, 98.8% and 97.7% respectively. 
Gunasekera et al. (35) further investigated gallium 


binding by serum proteins by injecting patients with 2.5 mCi 
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of 67 


Ga-citrate intravenously. Blood samples used for their 
experiments were taken at 3, 24 and 72 hours after injection. 
The results of their ultrafiltration study are 
Summarized in Table II. It was concluded from these results 
that nother protein in addition to albumin was responsible 
for the major binding of gallium. By using electrophoresis 

and later cross-electroimmunodiffusion techniques with 
specific antisera, Gunasekera and co-workers demonstrated 


67 Ga-binding 


that the protein responsible for most of the 
was transferrin (35). Gallium, like iron, could be removed 


from its binding site in transferrin by phosphates (35). 


E. Radioisotopes of Gallium Used in Nuclear Medicine 
Due to production and/or half-life limitations 


67 68 q 72 


Ga, Ga an Ga are the only isotopes of gallium that 
have been investigated for possible medical applications (36). 
1. Gallium-72 
Gallium-72 was the isotope of gallium initially 
used for studies in animals and man. Being reactor produced 


126, also contained 


from natural gallium, preparations of 
stable gallium as a contaminant. As previously discussed, 
the amount of carrier gallium in an administered dose 


significantly influenced the tissue distribution. 


2. Gallium-67 
Gallium-67 has a physical half-life of 78 hours 


and decays by electron capture with the emission of four 
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TABLE II 


Ultrafiltration of Serum 


Containing 6/eallium-citrate 


Percent Retained 


Serum Sample on Membrane 
3 hour postinjection serum 85° 677 
24 hour postinjection serum oy fies WR 
Fig’ hour postinjection serum Foe 9 
ales in normal saline 1h Seen 2 


4% Human Serum Albumin 
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main gamma rays; 93 Kev (40%), 184 Kev (24%), 296 Kev (22%) 


and 388 Kev (7%) (37). 


67 
67 


The production of Ga by the reaction 68 on (p,2n Ga 


has been described as also producing oo Ga as an impurity 


y66e,. This necessitates a 


66 


through the reaction 66 7n(pan 


four to five day waiting period to allow the Ga to decay 


to about 1% of the 67 


67 


Ga radioactivity (37). Other methods 


of production of Ga have been reported such as by the re- 


70 


actions /%Ge(y,p2n)°/Ga (38) and ©°cu(a,2n)°’Ga (39). In 


the latter case, stable iron was produced as an impurity. 


67 


The presence of iron in a Ga preparation inhibited the 


absorption of gallium into tumors (40). A method was proposed 


6764 by the reduction of 


for the removal of the iron from the 
Fe(111) to Fe(11) with iodide in concentrated HC] and subse- 
quent percolation through a cation exchanger (40). 


a. Clinical Studies with Gallium-67 


aaa were initially 


Clinical investigations with 
started in patients who had proven malignant disorders and 
known or suspected bone lesions (36). In an effort to 
obtain favorable bone uptake scanning was begun 24 to 48 
hours after the injection rather than by the addition of 
carrier gallium, as was done for 68ca-citrate, where 
scanning was started soon after injection due to the short 
physical half-life of the radioisotope (41). It was during 


this preliminary investigation that the localization of 
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oie in a soft tissue tumor was noted in a patient with 


Hodgkin's disease. Further investigations revealed soft 
tissue localization in three out of four patients with 


Hodgkin's disease (42). A pulmonary metastatic lesion was 


h 67 


also demonstrated wit Ga (42). Many investigations 


have since been undertaken in a variety of soft-tissue 


tumors in an attempt to explain the mechanisms involyed 


67 


in the tumor uptake of Ga. Some of these results are 


Summarized in Table III. 


3. Gallium-68 


The decay of ee to BP ha was studied by Crasemann 


et al. (65). The half-life of the SG was estimated to be 


275 + 20 days. Horen (66) later concluded from his inves- 


68 68... 


tigations that Ge decayed to the ground state of 


by 100% electron capture and that no gamma rays were 


associated with this decay. The production of °°Ga by 


the reaction Scan) Ga has been reported in the litera- 


ture (67,68,69). 


Ga production from the bombardment of 
zinc targets with 6.3 Mev protons has also been reported (70). 


68 


a. Decay characteristics of Ga 


Mukerje et al. (71) observed the emission of two 
positrons in the decay of 6864 with maximum energies of 
1.88 + 0.02 and 0.77 + 0.02 Mev respectively. They also 
noted the annihilation radiation (0.511 Mev) and a higher 
energy gamma component of 1.10 Mev with relative intensities 


of annihilation:gamma, 17.6:1.0. Various other investigators 
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TABLE III (continued 
COMMENTS? 


Mechanism unknown; could be related to the protein- 
binding property of gallium. 


The uptake of gallium in soft-tissue tumor is 
associated with viable tumor tissue. Gallium was 
found in the cytoplasm of neoplastic cells. 


The localization of gallium in viable tumor cells 
Suggests an active metabolic process. The decreased 
blood supply to sites of fibrosis and necrosis may 
result in the poor uptake in necrotic tissues. 
Gallium may be bound more tightly to some agent in 
cumor than ti Ts to circulating protein, or there 
may be a different agent in the neoplastic cells 
that binds the gallium in direct competition with 
the binding agent in normal cells. The tumor may 
also concentrate the binding agent from the other 
tissues, causing a decreased uptake of gallium in 
the liver, spleen and skeleton. 


Gallium binds with serum protein, extravasates as 
a result of increased permeability, enters the 
tumor cell in an ionic form and binds with the 
cytoplasm. 


The active form of gallium in tumor uptake is ionic. 
The citrate only prevents the formation of a colloid. 


Both gallium citrate and nitrate have similar tumor 
affinities toward malignant tumor when carrier-free. 
If carrier gallium is added, both have a weak tumor 
affinity. 8Ga-EDTA has weak tumor affinity and 

is excreted rapidly. The chemical form suitable 

for scanning should be carrier-free and able to be 
converted into gallium ions in the body. 


Gallium seems to be bound to a macromolecular agent 


located within an intracellular granule, possibly 
a lysosome-like organelle. 
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The gallium-citrate complex dissociates at a low pH. 
The normal liver uptake may be due to hepatic 
metabolism of the citrate liberating the free 
gallium which then forms proteinate complexes within 
the liver. The pH of the intracellular and inter- 
stitial fluid around many tumors is lower than around 
normal tissues due to preponderance of anaerobic to 
aerobic glycolysis in tumors resulting in a local 
lactic acidosis. Gallium uptake in tumors could be 
due to the increase in the gallium-citrate dissocia- 
tion which occurs when the pH is lowered. 


Gynecologic lesions are less receptive to gallium 
than other soft-tissue tumors. Accumulation is often 
seen only in certain portions of the tumor, which may 
reflect an altered blood supply or a change in the 
metabolic activity within different portions of the 
tumor. 


Uptake of gallium in the leukemic cells of breast 
myeloblastoma. 


Gallium uptake in tumors and inflammatory lesions 
may indicate that the uptake of gallium is related 
to protein-binding. 


Positive gallium scans obtained in lung tumor, 
tuberculosis, pneumonia, lung absecesses and pleurisy 
which later became negative after treatment. The 
uptake of gallium in tumors may be due to differences 
in the permeability of tumor cell membrane from that 
of the normal cell membrane. Gallium is also found 
to accumulate in the mucous membranes of the stomach 
and intestine, thereby making it difficult to detect 
tumors in these regions. 


The high concentrations of gallium were in tissues 
with high proliferation rates. Gallium was not 
tumor specific. 


Gallium uptake also seen in non-malignant lung 
diseases, probably in those lesions that are accom- 
panied by a reactive growth of the reticulohistio- 
cytic system. Gallium was not tumor specific. 


The accumulation of gallium was not dependent on the 


histological type of tumor as seen by the uptake of 
gallium in tumors of the lung, thyroid and stomach. 
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From a total of 41 proven cases of bronchial 
carcinoma, 40 gave a positive gallium scan. Uptake 
was also seen in non-malignant lung diseases. There 
was no relationship between the gallium uptake in 
tumor and its histological cell type. 


There appeared to be a correlation between the 
gallium uptake and degree of tumor differentiation, 
with poorly differentiated tumors having the highest 
uptake. Gallium uptake in a colonic tumor was at 

the edge of the tumor, while in the ulcerated center, 
the uptake was normal, possibly indicating that 
uptake is related to cellular proliferation within 
the tumor. 


The large uniform deposition of gallium in the normal 
liver may be due to hepatic metabolism of the citrate 
liberating the gallium to form a proteinate complex. 
The visualization of liver cancer with gallium is 

due to vascular perfusion of the tumor. 


A focal liver abnormality that took up more gallium 
than the surrounding normal liver was more likely 
due to cancer or abscess than to a benign condition 
Such as) CHEYHOS1S. 


The relative amount of gallium within the tumor and 
within the normal tissues seems to depend on the 
volume of tumor tissue. 


It was possible that the gallium activity as seen in 
the lung in Sarcoidosis was due to the incorporation 
of gallium into the phagocytic histiocytes that are 
present in the tubercles of Sarcoidosis which are 
packed with lysosomes when the disease is active. 


As an abscess ages its pH decreases, which could 
promote the uptake of gallium in the abscess. Also, 
the lymphatic effluent from the abscess area has been 
shown to decrease after the initial infection which 
could permit further retention of the gallium- 
proteinate complexes. 


Awareness of the non-specificity of gallium is 
important since a localized increase in radioactivity 
may be wrongly interpreted as a sign of malignancy 

in the patient who is really free of any neoplastic 
disease. 
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Normal 6/64 radioactivity is concentrated in the 
axial skeleton, liver, spleen and large joints. 
Uptake is often seen in the salivary, lacrimal 

and mammary glands as well as in the region of 

the nasopharynx. Under certain physiological 
conditions, intense localization may occur within 
the breast, bowel and long-bones. The lymph nodes 
are normally not visualized on 6/Ga scans and 
their appearance is an indication of disease. 


Observations as reported by the various investigators 
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638 


have studied the decay of Ga and some of their results 


are summarized in Table IV and in Appendix 1. 
rer decays by positron emission (88%) and electron 
capture (12%) (2). Positron decay is one of two ways in which 
an unstable atom can convert a nuclear proton .to a neutron; 

p* aoa ae (72,73). The second way that an unstable atom can 
conyert 42. praqiton to a neutron is by the electron capture 
process. The change within the nucleus is the same whether 
positron emission or electron capture is the mode of decay 

and for this reason the two processes compete with each other. 
Positron active nuclides release the positron with specific 
energies-up toja few Mev. The range in tissue of the posi- 
tron is similar to that of ordinary electrons or beta 
particles of the same energy. The positrons travel at most 

a few millimeters from their site of ovigin before under- 
going annihilation, which occurs at the end of their range 
when their kinetic energy is reduced almost to zero. At that 
time, the positron and an electron combine as a result of 
electrostatic attraction,and: annihilateleach other. The 

mass of the two particles disappears, being changed into 

a form of electromagnetic radiation called annihilation 
radiation. The result is the creation of two photons 
travelling in opposite directions and each having an energy 
equivalent to the mass of a single electron, 511 Kev. 

Photons of this energy suffer no significant attenuation in 


traversing body structures. A pair of detectors set up in 
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a coincident circuit) .can locate and identify the site of 
positron emission through coincidence registration of the 
two incident photons. Due to this coincidence type of 
detection, collimation requirements can be reduced by a 
large factor, ven to zero in some cases as is the case with 
the positron camera. Since no collimators are required, 

low amounts of radioactivities can be administered to the 
patient and detected by the positron camera. This instru- 
ment has a high sensitivity and yields good resolution 

for structures deep within the patient (72,73). 


b. The Gallium-68 Generator 


68 


The decay of the 275 day half-life Ge has been 


68 


utilized for the production of a Ga generator system. 


Most positron emitting radioisotopes are produced by 
Creaua ation. 1 a cyclotron making them of limited avail- 
ability. to those not near such a. facility. Also, the, high 
costs of the cyclotron produced positron emitters prohibits 
their use in many institutions. Gallium-68 is one of the few 
useful positron emitting isotopes that can be obtained from 
a generator system (4). 

Gleason (4) was the first to report on the production 
of such a generator system using Been as obtained from the 


69 y 68 68 68 


Ge > Ga. The Ge was recovered from 


reaction Ga(p,2n 


the irradiated material in a radiochemically pure state. 


A solvent extraction procedure was used to separate the 


hae from the Oe ce using acetylacetone which extracted the 
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68 68 


carrier-free Gaytromarcslightly acidic solution of Ge. 


68 68 


A faster method of separating the Ga from the Ge 


was described by Green et a 


(5) using chromatographic 


68 


alumina as an absorbent for the Ge. The generator 


consisted basically of an alumina column onto which the 


68 68 


Ge had been adsorbed. The Ga was eluted from tne column 


68 


with 0.005M EDTA, pH 7.0 in the chemical form of Ga- 


68 


EDTA complex. Contamination by Ge in the eluate was 


fh 68 


tess than 3.x) 10.:% caf the Ga radioactivity at time of 


elution (5). Yano (6) adapted the above generator system 


so that the 68 


Ga-EDTA eluate could be collected in a sterile 

and pyrogen free form suitable for immediate use. 
Gallium-68, being generator produced, offers the 

following advantages in Nuclear Medicine procedures (2): 


686 reduces the 


(i) the 68.3 minute half-life of 
radiation exposure to the patient 

(ii) the short half-life also permits the rapid 
build-up to equilibrium amounts in the generator 


oO Ga can be eluted every three to 


from which the 

four hours 
(iii) the high yield of positron emission (88%) and 

the resulting 511 Kev annihilation gammas permit 

coincidence detection with the positron camera 

eliminating the need for collimation; this reduces 

the amount of radioactivity needed for a par- 


ticular study with the advantage of reducing 


the radiation exposure to the patient 
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88 ce (275 days) extends 


(iv) the long half-life of the 
the useful life of the generator over a period 
of many months, thereby reducing the cost of the 
ee Ga: the initial cost being prorated over the 

useful life of the generator 


Be 68 6 3-EDTA can be used 


(v) the Ga in the form of 
as such for brain scanning or the complex can 
be dissociated by various methods in order that 


heer may be used in the preparation of 


the free 
other radiopharmaceuticals, some of which are 
listed in Table V 
(vi) positron emitters offer possibilities of better 
resolution with coincidence detection systems 
than is obtainable with single detector systems (79). 
Any generator System must yield a daughter nuclide 
of high purity with respect to both radioactive and stable 
contaminants. Such a high level of purity must be main- 
tained throughout the useful life of the generator (80). 
Radionuclidic purity is the most important consideration 
of a generator system since with the passage of time, a 
minor long-lived impurity may become the predominant radio- 
nuclide present, adding to the radiation dose of the patient. 
Chemical impurities present no real hazard to the patient 


unless they are present in sufficient quantity to be 


chemically toxic (89). 


68 
Purity tests have been conducted on the Ga 
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generator deyeloped by Greene and Tucker (5) in an attempt 


68 


to determine the presence and extent of Ge contamination 


in the eluate and also the presence of other radionuclide 
impurities (89). The results of these investigations 
indicated no radionuclidic impurity other than 68 Ge which 
was found to be present to the extent of 0.043% (after 
the first elution) to 0.004% (after the eighth elution) 


68 


of the total Ga radioactivity initially present. The 


amount of O86 contamination decreased after each sub- 
sequent elution. 


68 


Ga, Separation, of oe Ga from the Ga-EDTA Complex 


For the preparation of ele radiopharmaceuticals 


6864 -EDTA it is necessary to separate the 


68 


other than 


68 


Ga from the Ga-EDTA complex. Various procedures for 


this separation have been reported in the literature. 


One such method described by Hayes (41) involved the 


68 ca-EDTA eluate with isopropyl ether 


68 


extraction of the 


after addition of 7.5N HCl to the Ga-EDTA eluate. The 


68 


was then extracted with distilled water. 


resulting GaCl, 


Yano (6) used a procedure that required addition 
of carrier GaCl, in HCl] to the generator eluate. Saturated 
ammonium acetate was then added followed by the addition of 
concentrated NH,OH which precipitated the Ga(0H).. The 
mixture was heated, centrifuged and the Ga (0H). dissolved 
in 20% NaOH. Using 10 mg Gal, carrier, about 60% of the 


Shan from the EDTA complex was recovered. With 20 mg GaCl.,, 
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about 70% recovery was obtained. A third method described 


68 


by Weber et al. (90) consisted of evaporating the Ga-EDTA 


eluate to dryness in a platinum crucible under an infrared 
lamp, ashing at about 400°C for 20 minutes and dissolving 
Chevash IN .2e Cleric ‘acid. 


A less time-consuming method using a process of ion- 


68 


exchange was described (91). The Ga-EDTA eluate was added 


to an equal volume of 6N HCl causing dissociation of the 


complex. The mixture was then passed through an anion 


68 


exchange resin which retained the free Ga while allowing 


68 


the EDTA to pass through. The Ga was then removed from 


the resin by the addition of 0.1N HCl. Recovery of the 
6864 using a Bio-Rad AG 1-X2 anion exchange resin was 98% - 
99%, while for AG 1-X4 and AG 1-X8 resins, slightly lower 
recoveries were obtained. The resin AG 1-X10 yielded a 


recovery of only 85%. 


4. Radiation Dosimetry for the Radioactive Gallium Isotopes 


67 


The radiation dose from Ga depends on its organ 


distribution as well as on its effective half-life in the 
organs of interest (55). By using the assumption that 

"There is the same relative uptake per gram of tissue in 
proportion to total body weight, in corresponding organs 

in rat and man", Popham et al. (92) attempted to estimate 

the radiation dose in man by extrapolation from the retention 


67 


pattern of Ga in rats. From whole-body retention measure- 


ments in rats they showed that an injection of seven uCi of 
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S) gacod¢uate was retained to the extent of 40% in the 


body for two to four weeks after administration. They 
predicted that the administration of 2.5 mCi in man, 
assuming no biological clearance after two weeks with only 
physical decay of the isotope, would result in a radiation 
dose of two rads to each of the liver, spleen, kidney, 
testis and skeleton with a whole-body dose of about 

0.5 rads. Lavender et al. (51) reported that following an 


6/¢a-citrate in man, 


intravenous injection of 2.5 mCi of 
the total-body absorbed radiation dose was 0.85 rads 

with the critical organs, bone and kidney each receiving 
about 4.5 rads. The whole-body effective half-time in the 
rat following an intravenous injection of eight uCi of 
6764 was estimated to be 73.5 days with a biological 
half-life of 53.1 days (55). Gallium retention in two 
tumor-free patients was measured and biological half-times 

of 14 and 22 days, respectively, were observed (55). Edwards 
and Hayes (27) reported that the administration of 2.5 mCi 


O7 comcdibrate to patients, resulted in an absorbed 


of 
radiation dose to the whole-body of 0.3 rads/mCi, assuming 
no excretion and uniform distribution. The radiation dose 
to the bone was estimated as 2.0 rads/mCi assuming 100% 


deposition in bone with no excretion. The whole-body 


retention was about 65% of the injected radioactivity 


: SEO) : : 
after seven days. An injection of 2.5 mCi Ga-citrate in 


humans gave a total-body radiation dose of less than one 
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rad, with the kidneys and bones each receiving four rads (60). 


68 


Brain scanning with 250 uCi of Ga-EDTA in humans 


has been reported to give a whole-body radiation dose of 
less than seven mrads and a renal dose of less than 50 


mrads (5). Gottschalk et a 


(81) reported that brain 


68 


scanning with 700-750 uCi of Ga-EDTA gave a whole-body 


radiation dose in humans of less than 30 mrads with a renal 


68 ca-hydrous ferric 


dose of less than 150 mrads. When 
oxide colloid was used for bone marrow scanning, the rad- 
jiation dose to the bone marrow, liver and een in humans, 
based on animal studies, was 1.6, 0.75 and 1.5 rads/mCi 


respectively (85). Anghileri (87) studied the distribution 


68 


of Ga-polymetaphosphate-Mg-polymetaphosphate in rats 


and estimated the renal dose to be about ten rads per 


197 g-chlormerodrin which gave a renal 


mCi compared to 
radiation dose of 34.2 rads/mCi. Approximately 10% of 
the administered radiomercury was retained in the kidneys 


99MT ei ron complex 


with a biological half-life of 28 days. 
gave a renal dose of 500 mrads per mCi with 20% of the 
administered dose being retained in the kidneys after 


24 hours (87). 
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II. Polyphosphates 
A. Chemistry 


The phosphates are those compounds of phosphorus 
in which each atom of phosphorus is surrounded by four 
oxygen atoms arranged at corners of a tetrahedron. Poly- 
mers of the phosphates such as the polyphosphates can 
be formed by sharing oxygen atoms between tetrahedra to 


form the so-called condensed phosphates (93,94). 


a4 07 
De wise 37 
o397Nu (P0,) 


Phosphate tetrahedron (orthophosphate) 


The condensed phosphates include the chain, ring 
and branched polymers formed by the repeated condensation 
of tetrahedral phosphate groups. Included in this class 


ape 
of phosphates are the linear polyphosphates (P03, , yt 


such as the pyrophosphates, (n = 2), the oligophosphates 
(n = 5 to 10) and the long-chain phosphates which include 
maddrell, kurrel and Grahams salts with average chain 
lengths from about 200-10,000 or more PO, units, depending 
upon the method of chemical preparation (93,94). 

The tripolyphosphate, of which the sodium salt is 
the best characterized, is manufactured from a mixture of 
one mole of monosodium orthophosphate and two moles of 


disodium orthophosphate intimately mixed and calcined at 


a temperature between 300 C and 900 C. Conversion to 
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the sodium tripolyphosphate is rapid at these elevated 
temperatures but the rate of conversion does not affect 
the properties of the product (95). 

0 0 

l | | 

NaO —P —0—P—0 — P—ONa 
| | 

ONa ONa ONa 


Sodium tripolyphosphate (Na,P 30,9) (95) 


Sodium tripolyphosphate exists in two anhydrous 
forms (phase I and phase II) and as the hexahydrate 
(NapP30,,°6H,0) (95,96). In phase II, all of the sodium 
ions are octahedrally coordinated by oxygen. In phase I, 
some of the sodium ions are surrounded by only four oxygen 
atoms. Phase I is the more rapidly hydrating form and 
when added to water lumps or cements together due to its 
extremely high solubility. Phase II dissolves less readily 
in water. 

As the chain lengths of the polyphosphates increase, 
it becomes increasingly difficult to recrystallize the 
phosphates from aqueous solutions when treated with large 
volumes of alcohol or acetone (96). For example: 


(a) Na,HPO, + alcohol + precipitates as a 
crystalline substance 
(b) Na 


P 05 + alcohol + precipitates as a gummy 


crystal which eventually 
solidifies into a hard 
mass 
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Ce) NapP,015 + alcohol + precipitates as an oil 
which is slowly trans- 
formed into crystals 

(d) Na¢P,0,3 + alcohol + precipitates as an oil 
which does not crystal- 
lize on standing 

The hydrolysis of the chain and ring phosphates 

in aqueous solution is very slow, the half-life of these 
P-O-P linkages with respect to hydrolysis at neutral 
pH and room temperature is of the order of magnitude of 
years but at very high temperatures the polyphosphates 
degrade completely to orthophosphate (96). The hydrolysis 
of the polyphosphates is catalysed by hydrogen ions (97). 
The phosphates are highly charged anions and tend 
to associate strongly with cations in all but the most 
dilute solutions. This complexing ability involves both 
ionic and covalent attractions for the final bond formation. 
The polyphosphates are typical polyelectrolytes (96,98). 
The alkaline earth metal ions form phosphate complexes 
more readily than the alkali metal ions and the ortho- 
phosphate complexes of the alkali and alkaline earth metals 
are weaker than the equivalent complexes of the chain or 
ring phosphates. Transition group metals form very strong 
complexes and the degree of complexing increases with the 
charge on the metal ion being complexed. The geometry 
of the chain phosphates is such that an oxygen atom from 


each of three neighboring phosphate groups can bind with 


a metal to form the complex (96,98). 
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Metal Complex of the Chain Phosphate (98) 


When a polyphosphate solution is gradually added 
to a solution containing polyvalent metal ions, a preci- 
pitate is first formed which dissolves upon the addition 
of more polyphosphate. All polyphosphates form insoluble 
salts with polyvalent metal ions and these salts can be 
dissolved by the formation of soluble complexes in the 


presence of excess polyphosphate anions (95). 


B. Uses of. the Phosphates 


Ippe industydial Uses 

The phosphates have been used in phosphate ferti- 
lizers, animal feeds, as water softening agents, synthetic 
detergent builders, and in various other applications. 

A detailed discussion on the uses of the phosphates is 
presented by Van Wazer (99). 

The ability of the phosphates to sequester calcium 
and magnesium in hard water is due to their interaction 
with metal ions to form soluble complexes (96). 

In the food industry, orthophosphate is used to 
complex iron in soft drinks, jams and jellies.thus -prevent- 


ing the dulling of the colors of the naturally occuring 
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vegetable dyes (98). 

Due to their high negative charge, the phosphates 
are strongly adsorbed on surfaces and can greatly affect 
suspensions of colloidal particles. The chain phosphates 
are well known for their peptizing, defloculating and 
dispersing properties (98). 

2. Biological Functions 

The tripolyphosphates of major biological interest 

are adenosine triphosphate and the related 5'-ribonucleo- 


tides. 
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Adenosine Triphosphate (96) 


Included in this class of tf 109) phosphates are the inosine, 

cytidine, uridine and guanosine triphosphates (96). 
Phosphorus is universally found in protoplasm and 

is essential for growth and reproductive processes as 

well as for maintaining the health of all plants and 

animals. Some of the chemical effects on living systems 

of the phosphates include: the entrance of polyphosphate 

monoesters into chemical reactions so as to cause them 


to proceed, pH buffering and formation of soluble complexes 
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With cations and precipitation of orthophosphate ions 
with calcium to give the highly insoluble hydroxyapatite 


which forms the basis of bone (99). 


3. Phosphates in Medicine 


Normal cells of different tissue structures have 
varied metabolic and turnover rates and diverse phosphorus 


325 has been shown 


requirements (100). The retention of 
to decrease in the following order: bone, liver, intestine, 
heart, kidney, lung, muscle, skin, and brain (100). 

Marshak (101) has shown that the nuclei of malignant 


cells concentrated 32 


P to a greater extent than the nuclei 
of normal cells. The same effect was also noted in rapidly 
growing cells. Phosphorus-32 in the form of Na,HPO, 

has been used for the therapy of osseous metastases arising 
from carcinoma of the breast. Regeneration of bone and 
apparent arrest of further bone involvement were noted 

On X-ray examination one year after the initial therapy, 
indicative of a palliative effect (100). Maxfield et al. 
(102) advocated the use of testosterone immediately before 
and during a treatment of bone metastases on the premice 
that the testosterone would enhance the uptake of the 
radioactive phosphorus into the area of the bone lesion 
thereby providing a higher radiation dose at the site of 
metastases. Using autoradiography, Naplan et al. (103) 
examined sections of human bone containing lesions that 

32 325 


had recently been treated with P. They found the 
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radioactivity to be confined to the periphery of the bone 
lesion in areas of regenerating bone adjacent to the 
lesion. 

The localization of 2*P-labelled trimetaphosphate 
or polymetaphosphate was investigated in mice and rabbits 
by Fels et al. (104). These condensed phosphates were 
poorly absorbed from the oral route. Following intraven- 
ous and intraperitoneal injection, these compounds local- 
ized in bone, particularly in actively growing areas, and 
were reported to be superior to the orthophosphate 


(NaH,PO,) as 325 donors to bone (104). 3e 


P-polymeta- 
phosphate was further investigated for possible use in the 
therapy of bone tumors in humans (105). Seven of eight 


325 _poly- 


patients given a total dose of 16-20 mCi of the 
metaphosphate over a five week period showed palliation 
of pain and clinical improvement. After administration 


of 32 


P-polymetaphosphate a marked and persistent deposition 
was noted in metastatic bone tumors compared with normal 
bone. The greatest activity was seen in bone spicules 
rather than in tumor nodules. Its preferential deposition 
in growing bone lesions was thought to be the result of 
hydrolysis at the site of the bone lesion due to the high 
local concentration of alkaline phosphatase at the lesion 
site (105). 

The in vitro effects of the acid and alkaline 


phosphatases on polyphosphates were studied by Anghileri 
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(106). The acid phosphatase produced the greatest 
hydrolytic effect on the polyphosphates. Also, the for- 
mation of the intermediate lower polyphosphates resulting 
from hydrolysis was less for the cross-linked polyphos- 
phates compared to the straight-chain polyphosphates. 
The in vitro hydrolysis of polyphosphate by tissues from 
tumor-bearing animals indicated that the hydrolysis occurred 
at the terminal phosphate groups (107). Anghileri (108) 
also studied the metabolic fate of the straight-chain 
and cross-linked polyphosphates in mice and rats. When 
administered by the oral route the polyphosphates were 
completely hydrolyzed in the intestine and absorbed only 
as the monophosphate. The straight-chain polyphosphate 
was hydrolyzed by the bone tissue to orthophosphate more 
rapidly and to a greater extent than the cross-linked 
polyphosphate. The uptake by bone of the polyphosphates 
was thought to be due to a preliminary physiochemical 
adsorption to the bone followed by enzymatic hydrolysis 
of the polyphosphate with the consequent readsorption or 
binding of the hydrolytic products (108). 

The uptake of polyphosphate and orthophosphate in 
normal bone and in bone autoclaved for 20 minutes, to 
destroy any enzymatic activity, was studied by Anghileri 
(109). The incorporation of the polyphosphate and the 
orthophosphate, was higher in the autoclaved bone than 


in the normal bone, indicating that uptake was independent 
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of biological or enzymatic mechanisms. The higher uptake 

in the autoclaved bone was attributed to an increase in 

the active surface of the mineral tissue resulting from the 
hydrolysis of collagen. The binding of the polyphosphate 
and orthophosphate to insoluble calcium compounds similar 

to the bone mineral tissue constituents was also investi- 
gated and interpretation of the results indicated that 
physiochemical processes were responsible for the retention, 


independent of enzymatic hydrolysis (109). 


a. Tissue Distribution Studies 


Table VI illustrates the results of two studies 


325 abelied 


32 


performed on the tissue distribution of 
linear and cross-linked polyphosphates and P-labelled 
orthophosphate (110, 111). 

Eight days after the injection, the uptake of the 
linear polyphosphate in the bone was essentially the same 
as after 24 hours. The uptake of the cross-linked poly- 
phosphate in bone was docut half that of the linear poly- 
phosphate, presumably as a result of the greater excretion 
of the cross-linked form due to its lower susceptibility 
to the action of the phosphatases (110). Even though the 
uptake of the orthophosphate was about twice that of the 
linear polyphosphate in bone after intraperitoneal injec- 
tion, it was also higher in many soft tissues. Therefore, 
for therapeutic purposes, 325 _polyphosphates would give 


a reduced total body radiation dose compared to 
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orthophosphate due to the lower uptake of the polyphos- 


phate in the blood and in other organs (110,111). 


The tissue distribution of the linear form of 
>ler_polyphosphate in mice after intravenous administra- 
tion was studied and the uptake pattern was found to be: 
bone > liver > kidney > lungs > pancreas > intestine > 
muscle > blood > brain (112). The bone uptake was 
attributed to the complexed chromium atom and a phosphate 
group of the polyphosphate reacting with the OH groups 
of hydroxyapatite, followed by hydrolysis producing either 


D1 


Shorter chains of Cr- condensed phosphates or insoluble 


pol 


C =PO..0. these hydrolysis products were either excreted 


4 
or recombined with the bone tissue (112). 
D.  “Prosprere Toxitctty 

Reduction in serum calcium levels, particularly in 
hypercalcemia has been demonstrated following phosphate 
administration (113). The mechanism involved in the 
calcium lowering effect was reported to be due to CaHPO, 
precipitation. The urinary excretion of calcium did not 
increase following phosphate administration. Such preci- 
Dihtavi ah, oOT CaHPO, was reported to be objectionable and 
potentially hazardous causing damage to soft tissues by 
CaTCTRiCatiom Chee}: 

Eisenbert (115) suggested that the administration 
of phosphate in man did not prevent bone reabsorption, 


but that the calcium was removed from the circulation and 
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sequestered into a metabolic pool from which the calcium 
phosphates were ingested by macrophages and then slowly 
released. It was postulated that the administration of 
large doses of phosphate overwhelmed this protective 
mechanism causing the precipitation of CaHPO, TUMSOTE 
tissue resulting in soft tissue calcification. Stamp 
(116) reported that phosphate administration resulted 

in a decreased plasma calcium in all subjects, normal or 
hypercalcemic. Prominent calcified subcutaneous masses 
have appeared at injection sites following the intravenous 


administration of a 2% phosphate solution (113). 


III. Radiopharmaceuticals for Bone Scintigraphy 
A. Applications of Bone Scanning 


From a recent review of the literature, the bone 
scan's greatest usefulness was stated to be for the diag- 
nosis of the radiographic or x-ray occult tumor and in 
outlining the extent of tumor (117). Other potential uses 
of the bone scan are: the evaluation of the asymptomatic 
patient with minimal lesion as shown on x-ray films; in 
differentiating traumatic from pathologic fractures; in 
evaluating the response to radio- and chemotherapy; and 
in the staging of tumors (117). Bone scanning is based 
on a disturbance of the bone mineral metabolism and indi- 
cates the dynamic state of the bone. X-ray films show the 


net changes, both osteolytic and reparative that have 
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occured (117). The process of tumor growth with destruc-. 
tion of bone and the process of repair in response to the 
tumor coexist in varying proportions and are visualized 
on x-ray film as areas of radiolucency and radiodensity 
respectively (118). X-ray manifestations often are visible 
only in the later stage of bone involvement and often may 
not be demonstrable despite localized bone pain resulting 
from metastases (118). 

Metastases involving bone are very common and are 
reported to be exceeded in frequency only by RataStasis 
to lymph nodes, lungs and liver (118). The frequency of 
bone involvement from some of the malignant tumors such 
as those of the lung, breast, prostate, intestine, thyroid 
and kidney which metastasize to bone was approximately 
50%-75% at the vime nef Ideath torioxr hte sh95025 Dueetacadi< 
vances in management and prolongation of life since then, 
the frequency of bone involvement now at death could be 
as high as 85% (118). Bone tissue usually reacts to the 
presence of metastatic tumor by forming new bone and bone 
mineral tracers are incorporated in the skeleton where- 
ever bone tissue is being formed as in the process of growth 
and remodeling or as a result of trauma and disease (119). 
It has been shown, for example, with strontium isotopes, 
that any disorder which actively produces new bone will 
also give rise to a positive strontium scan (118). Ex- 


amples of such disorders include: osteomyelitis, fracture, 
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Paget's disease, eosinophilic granuloma, chondrosarcoma, 
giant cell tumor, fibrous dysplasia, osseous metaplasia, 
osteoarthritis and rheumatoid arthritis (120). 

The interpretation of the scans of the skeleton, 
in many instances is a subjective process, since the 
radionuclides that concentrate at sites of new bone growth 
also localize to some extent in normal bone (121). Also, 
radioactivity in the kidneys, bladder and intestinal tract, 
resulting from the excretion of the radionuclides, may 


obscure areas of possible bone metastases (121). 


B. Radiopharmaceuticals Used for Bone Scanning 


A number of radioisotopes and radiopharmaceuticals 
are currently ayailable for bone scanning. Generally, 
each nuclear medicine laboratory chooses its bone scanning 
technique on the basis of; the types and numbers of patients, 
equipment available, the availability and costs of the 
radioisotopes, as well as the availability and number of 
qualified staff (121). 
1. Calcium-47 

Calcium-47 has a half-life of 4.7 days and emits 
high energy gamma rays of 1.31 Mev. Lead shields and 
collimators in most hospitals are not adequate for scanning 
at this high gamma energy and the isotope is rarely used 


for bone scanning (118). 
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2. Strontium-85 

Strontium-85 has a half-life of 64 days and decays 
by the emission of a single gamma ray of 0.513 Mev. The 
pattern of distribution in the human bone is similar to 
that of calcium (118). Strontium gains access to bone 
by exchanging with stable strontium and by substitution 
for calcium atoms on the surface of the hydroxyapatite 
crystal lattice of newly forming bone. Less than 1% 
of the body's calcium stores participate in this process. 
The rate of strontium uptake by normal bone is rapid 
and half of the final amount taken up accumulates in 15 
minutes (118). Poor results were obtained with the Anger 
camera due to low detection efficiency for the 513 Kev 
photons (118). From 20%-30% of the administered dose of 
855, is excreted into the urine within 10 days, with 
half of this amount being excreted within the first 48 
hours. In order to obtain high bone-to-background ratios, 
scanning is usually begun 48 hours after administration. 
About 17% of the injected dose may be excreted in the 
feces necessitating thorough bowel cleansing prior to 
scanning. Doses are limited by the Atomic Energy Commis- 
sion (United States) for the clinical investigation of 
those patients with diagnosed cancer (118). Administra- 
tion of 50-100 uCi as the nitrate or chloride, results in 
a radiation dose to the whole-body of 350-700 mRads and 


to the bone of 1500-4500 mRads (121). 
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The primary deterrent to the widespread use of easy. 
is the time required for a scanning procedure, for example, 
a scan of the pelvis requires 30-45 minutes to complete 
(120). Due to the long physical half-life of 2°sr, the 
amount of radioactivity administered must be kept low in 
order to reduce the radiation exposure to the patient, 
thus lengthy scanning times are required. Two alternatives 


B55, (120,90): 


have been proposed to the use of 
(a) using bone-seeking radiopharmaceuticals with 
Shorter half-lives and 
(b) more efficient instrumentation. 
Larger doses of the short-lived radioisotopes could 
be given to the patient with less radiation exposure 


Oe us Such doses would result in higher 


as compared to 
count rates so that the scan could be completed more 
rapidly (120). The use of the short-lived radioisotopes 
allows for sequential follow-up studies and permits other 


isotope studies within a relatively short time (90). 


3. Strontium-87m 
Strontium-87m was introduced by Meyers (122) as a 


substitute for Bee. It can be milked from a generator 


87). 


system employing the 80 hour half-life Strontium- 


87m has a half-life of 2.8 hours and decays with the 


87 


emission of a single gamma ray of 388 Kev to stable Siz 


Scans are performed 45 minutes after injection although 


about 50%-70% of the dose has not been taken up by bone 
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and remains in the circulation contributing somewhat 

to a lower tumor-to-background ratio (117). Administration 
of 250-1000 uli, as the citrate or chloride, yields a radia- 
tion dose to the whole-body of 5-20 mRads and to the bone 


87M, 


of 25-100 mRads. The major disadvantage of using 
is the short half-life of the parent which necessitates 
the purchase of a new generator at least every two weeks 


Oe abe 


4. Fluorine-18 

Fluorine-18 has a very short half-life of 1.87 
hours making its practical use feasible only in institu- 
tions in close proximity to a cyclotron or reactor from 
which it is produced. Fluorine-18 decays by the emission 
of a 650 Kev positron (87%) and the resulting 511 Kev 
annihilation gammas may be detected by coincidence tech- 
niques (121). After intravenous administration of POE. 
the fluoride ion is absorbed in the bone by anion exchange 
with the OH group in the deltosvepstine at the surface 
of the bone crystal (117). This exchange occurs at sites 
of good blood supply and increased mineral turnover. About 


18, is bound to bone with the remainder 


50% of the injected 
being rapidly excreted in the urine resulting in a high 
bone-to-background ratio (117). Scanning can commence 
about one hour after the injection (121). The administra- 


tion of 1-2 mCi, as the sodium salt, results in a radiation 


dose to the whole-body of 35-70 mRads and to the bone of 
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120-360 mRads (121). 


5. Radioisotopes of Gallium 


The bone-seeking property of a 


Ga was described 

by Dudley (12,14). Gallium is thought to substitute 

for calcium in newly formed bone crystal (117). 
Gallium-67 tends to localize in a variety of soft- 

tissue tumors as well as in tumors of the bone (36). 


Cota failed to localize early in bone of test 


Carrier-free 
animals but when administered with carrier gallium, plasma 
protein-binding sites were saturated allowing a more rapid 


68 


uptake of the Ga into the bone (121). Administration of 


BP ca. as the citrate, in humans gives a whole-body radiation 
dose of 0.06 rads per mCi and a radiation dose to the 


bone of less: than 0.364 rads per mCi (118). 


C. The New Bone Scanning Agents 


iRe 99M7¢-Polyphosphates 


The excellent physical characteristics of go 


Tc 
such as its short physical half-life of six hours, its 
monoenergetic gamma emission of 140 Kev and its ready 
availability from a generator system have contributed to 
its extensive use in Nuclear Medicine for imaging nearly 
every large organ in man (118). Recently, a 99M -poly- 
phosphate has been investigated as a potential bone scann- 


ing agent (3). The intravenous administration of this 


compound to rabbits resulted in 37%-45% of the injected 
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dose being localized in the bone between 1 and 24 hours 
after the injection. Blood concentration ranged from 
13.72% after one hour to 4.37% after 24 hours. Cumulative 
urinary excretion after three hours was 45%-55% of the 
administered dose. A 10 mCi injection in humans was esti- 
mated to give a skeletal radiation dose of 0.45 rads, 
assuming that 50% of the injected radioactivity remained 
in the skeleton (3). 

Technetium-99m complexes with polyphosphates of longer 
chain length and of higher molecular weight were investi- 
gated in an attempt to obtain faster blood clearances 
as compared to the original 99M +6 -polyphosphate complex 
(123). A polyphosphate with an estimated chain length of 
46 and a molecular weight of 4,660, as a aE complex, was 
used for rabbit tissue distribution studies. Of the 
injected radioactivity, 43%-53% was localized in the 
skeleton between 1-24 hours after administration. The 
radioactivity in the blood was some three times lower 
than previously reported (3). A clinical study in a 
patient with known multiple skeletal metastases demonstrated 
excellent uptake of the complex in the involved areas of 
bone and the images were comparable to those obtained 
with Lis in the same patient (123). A commercial preparation 
of the 99M7- polyphosphate complex has since become avail- 
able (124). 


A number of polyphosphates have been compared for 
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their bone uptake in rats as a function of their molecular 
weight and chain length (125). A polyphosphate chain 
length of 40-60 groups and a molecular weight between 
4,000-6,000 yielded the highest bone concentration and the 
best bone-to-nontarget tissue ratios. Polyphosphates 

with molecular weights in excess of 8,000 localized in the 
reticuloendothelial tissue and those below a molecular 
weight of 3,000 showed less deposition in bone and were 


rapidly cleared by the kidney. 


2.. Phosphonates and Diphosphonates 


P(0)OH-ONa (0)OH*ONa 
CH-t-OH CH=—C—OH 
3 | 3 
P(0)OH:ONa 
Phosphonate Diphosphonate 


(1,hydroxyethylidene-1, 
1-disodiumphosphonate) 
HEDSPA or EHDP 


Castronovo et al. (126) studied the tissue dis- 
tribution of 99M7- HEDSPA in mice and a cumulative skeletal 
uptake of 55% of the injected dose was observed after 

three hours. The blood clearance of the complex was 

rapid with 4.53% of the injected dose in the blood after 
one hour and only 0.08% after six hours. Little radio- 
activity was detected in the remaining organs after three 


hours. The radiation dose to the skeleton was estimated 


to be 0.045 rads per mCi. It has been reported that 
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EHDP is resistant to chemical or enzymatic hydrolysis 
whereas the polyphosphates are believed to undergo enzy- 


2276 ZEHOP has the reported 


matic hydrolysis (127). 
advantage of a more rapid blood clearance and a relatively 


lower soft tissue concentration (127). 
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I. Materials and Methods 
A. Materials 

All chemicals were of A.C.S. specification. Double 
distilled water was used throughout the entire study. 
1. Anhydrous Gallium Trichloride (GaC1,) 

The Gall, was purchased from Ventron Corporation, 
Alfa Products, Beverly, Massachusetts. A stock solution 
Gonszstthg of 1 g GaCl, per ml was prepared in 0.1N HCl 
to prevent the formation of Ga(0H), (7). A working solution 


was adjusted to a concentration of 1.98 mg gallium per ml. 
2. Sodium Tripolyphosphate (NapP 919), Molecular Weight 


st/..93 
This chemical was obtained in the form of purified 
granules from Fisher Scientific Company, Fair Lawn, New York, 
Lot Number 705245. 


Me iis) CHN( “CH COOH) 5] 


CH D 


C-EDTA [(HOOC NCH 


2)2 2 


14c_epTA was received from 


Fifty smicracurnies sof 
New England Nuclear, Boston, Massachusetts, having a specific 
activity of 3.42 mCi/mM (85.5 .mg/mCi). An aqueous stock 
solution containing 5 uCi/ml was prepared. 


4, 68,686, Radioisotope Generator 


The Seer hTer generator used throughout this investi- 


gation was obtained from New England Nuclear, Boston, Massa- 
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chusetts. At the time of receipt, the expected Ga radio- 


activity from the generator was stated to be 100 uCi. A 
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concentrated EDTA solution (Ethylenediaminetetraacetic 
Acid) was supplied with the generator. For elution, the 
EDTA was diluted to 1,000 ml with distilled water producing 
a concentration of 0.005M, the pH of which was adjusted to 
7.0 with dilute NaOH. The final solution was stored in 
polyethylene containers, since glass can yield ions which 


decrease the EDTA titre (128). 


5. Acids 
Hydrochloric acid solutions (6N and 8N) were prepared 
from Reagent Grade HCl supplied by J.T. Baker Chemical 
Company, Phillipsburg, New Jersy. B.P. specifications were 
followed for the preparation of the acid solutions (129). 


Hydrochloric acid (0.1N) was prepared by dilution of Reagent 
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Solution HCl obtained from B.D.H. Chemicals, Canada, Limited. 


6. Bases 
Sodium hydroxide (0.1N) was prepared from Reagent 
Solution NaOH purchased from B.D.H. Chemicals, Canada 
Limited. Sodium hydroxide (15N) was made according to 
B.P. specifications (129) from NaOH pellets, supplied by 


Allied Chemical, Canada Limited. 


7. JTon-Exchange Resins 
a. Rexyn-201 

Rexyn-201, a certified analytical grade anion 
exchange resin, was purchased from Fisher Scientfic Company, 
Fair Lawn, New Jersy. This is a strongly basic organic 


anion exchanger consisting of polystyrene with alkyl 


ay 6 | 4a uv ae, A} N a 7 ue ie : 
G0 ; CN el hal 


of }9 985 sosontmis theasty . 


193) ‘possutonsana da 


ns not tuts, 108 oe ay tw beta as ee et 


doihitw amor praty so Pry ‘ae fens ae. 
088) erst me UE 


baveqerq svew (#38 ‘bis Wa ) anptdurg, aren piaetbyeveehs « mn a | 

feotmedd aed “Tel Ne batfaque: row hicuabengantsn’ 

3120 enotisai toaga 4, a evel, walk 10m eget 1009 eet 

ARST) enofsuloe ‘btD6 ons To. notteveqang cali vette 

inopess- to not sult vd borageng 25W (vt. 8) bios 9 
‘bad taitd «oberg Pt sehadd AH a. a not sant etdo ‘to aor 

st: 


ae 


| inopsoh mort “bowégarg 2 8W. (wt.o) sbbansbes wut bod | 
 sban6d 2heakmadd Me mort beasdoway Hoek sahdubne, - 
02 pntbyo296 bem 26W (HET) Sbfxovbyt mutboz .beatmtd a 

ue bailgque satstted en (est) anotdsatttosqe Po te ne 


x 


\ 


i? a uk) Be sbansd ,Teatmedd bottTAa:, * + 
be ona th oA : sat | Be . aay 
ity ged eG eh ~ voseorgees cy 


| MOTAB “abpne Sirldiditenaweslt s. ‘Wos-nyxe 
ae leuk Gi tone Tn sian ew onteoy sonsioxs 
dingpyo. ahead) whan a 43. ehetewalt owes 1t6a 
) its ae fw ont ysevl oq he Dietiia peptone aah, tf 


P i . i Poor i a “ ' j 
of a 7 & ( i" » ie : a j pad 


a! a’ To omy 


69 


quaternary amine functional groups in the chloride-sulfate 
form. A medium porosity resin with a mesh size of 16-50 


was used. 


b. Dowex 1-X4 

Dowex 1-X4 anion exchange resin was purchased from 
Bio-Rad Laboratories, Richmond, California. The resin is 
composed of polystyrene with quaternary ammonium functional 
groups in the chloride form. A large pore size and a mesh 


of 100-200 was used. 


8. Animals 

Adult male mice of the ALAS strain, weighing 20-30 g, 
were used ror CYssue distributtTon, excretion and toxicTty 
studies. The mice were housed in a relatively stress- 
free environment in groups of six per cage with free access 
to food (Tekland Rockland mouse/rat diet) and water. 

Rabbits used for tissue distribution studies were 
female of the New Zealand strain weighing 2.2-2.4 kg. Bone 
imaging studies were done on a female New Zealand rabbit 
weighing 3.8 kg and on a male rabbit of the Dutch strain 
weighing 1.96 kg. 

Prior to use, all rabbits were individually caged 


with food and water available ad libitum. 


B. Methods 


1. Gamma Ray Spectrometry Techniques 


Gallium-68 samples were assayed for radioactivity 
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using a Picker Autowell II gamma spectrometer, (Picker 
Nuclear Corporation, White Plains, New York). The 0.511 
Mev photopeak counting efficiency for this spectrometer, 


22 


as calculated using a Na standard, was approximately 


68 


21%. Due to the short half-life of Ga, counting times 


were limited to one minute per sample. 


2. Liquid Scintillation Spectrometry 


Carbon-14 containing samples were assayed for radio- 
activity in a liquid scintillation spectrometer (Liquimat 
200, Picker Nuclear Corporation, White Plains, New York). 
Samples were mixed with 10 ml of Aquasol scintillant (New 
England Nuclear, Boston, Massachusetts). Quench corrections 
were effected by the isotope channels-ratio method employing 
a set of lec quenched standards prepared by the addition 


of various quantities of 8N HCl. 


3. Statistical Methods and Computer Programs 

All formulae and computer programs used throughout 
this investigation are presented in Appendixes 2 and 3. 
A digital PDP8/L computer (Digital Equipment Corporation, 


Maynard, Massachusetts) was used for data processing. 


4. Chromatographic Techniques 


A modification of the solvent system described by 


Poonia et al. (130) consisting of chloroform-acetone- 


isoamyl] alcohol (1:1.5:1) was used to separate the 88 Gacl 


from OS ca-EDTA on Chromar-500 chromatographic paper (Mal- 
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linckrodt Chemical Works, Laboratory Products, Montreal, 
Canada). A solvent system consisting of 95% ethanol- 
water (1:1) was used for distinguishing between °8 Ga (OH) 5 


and °8¢a-Polyphosphate on Whatman No. 1 filter paper. 


5. Imaging Procedures 


A Pho/Gamma-Positron III Scintillation Camera (Nuclear 
Chicago Corporation, Des Plains Illinois) was used for bone 
imaging. Maximum coincidence counting rates were obtained 
with a detector spacing of 18 inches. Two planes of "best 
focus" were simultaneously viewed and electronically 
varied in order to find the focal plane setting that most 
nearly coincided with the localization of radioactivity 
within the rabbit. Images were recorded on polaroid film 
after an accumulated count of 17-100 k had been reached. 
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6. Quality iControl<of the Ge- ~Ga Generator 


The 68 gen OS an generator used throughout this study 
was previously described by Greene (5) and is illustrated 


in Figure 13 


a. Confirmation of Manufacturer's Specifications 
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The instructions accompanying the Ge- Ga generator 


stated that elution of the generator with 25 ml of 0.005 
EDTA would be complete within four minutes. However, 
the actual elution time was much longer, being 22 minutes 
for 25 ml of EDTA and 12.5 minutes for 15 ml of EDTA. 


Aliquots of these two EDTA elution volumes were assayed for 
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6850 98e, Radioisotope Generator 
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radioactivity in the gamma spectrometer. From the previ- 

ously determined spectrometer efficiency, the total eluted 
radioactivity was calculated to be about 98 uCi with 25 ml 
SreeviArand 95. 521Cr with 15 mi of £DOTA. 


6865 obtained with each 


Since the total amount of 
of these EDTA volumes was nearly the same, all future elutions 
Utitizedi15 ml oteEDTA solution. 


Da Radionuctidic PuRity 


6864 -EDTA eluate was 


The energy spectrum of the 
determined by differential pulse-height analysis using a 
NaI(T1) detector, (Picker Nuclear Corporation, White Plains, 
New York) as well as a Ge(Li) detector (Nuclear Diodes, 
Prairie View, Illinois). The energy spectrum from the latter 
was stored in a multichannel analyzer (Northern Scientific, 
Middleton, Wisconsin) and recorded on an x - y plotter. 

The peaks observed in Figures 2 and 3 can be attributed 
to gamma rays from 86a which arises from and is in equi- 


aoe impurity present in the eluate. These 


librium with any 
results are consistent with previously published data (131). 
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c. Determination of the Ge Leakage 


The level of eee contamination in the Ceca tae 
generator eluate was estimated by counting an aliquot of 
the eluate in the gamma spectrometer for a total accumulated 
count of 200,000 counts or for a total counting time of one 


hour, whichever came first. An empty sample tube was handled 


in the same manner to provide a background count. The 
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Figure 2 


Energy Spectrum of Gallium-68 Determined 
Using a Nal(Tl) Detector 
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tubes were repeatedly counted for a 24-48 hour period. It 
was assumed that any radioactivity in the eluate (above back- 
ground levels) after this time period would be due to the 
presence of the long-lived parent. Computer program A and 
Equation 1 were used to calculate a ratio comparing the 


; Sven radioactivity present 


Soe radioacttiywity to that .of the 
at the time Arete On of the generator. Computer program 
A was also used to plot the parent-daughter decay curve as 
shown in Figure 4. The above procedure was repeated after 


a various number of elutions and the results are summarized 


in Table VII. 


TABLE VII 
OB Ge Leakage in 6864 Eluate 
Elution Number Leakage (2) 
eI ue Omak” 
2 Veaeexe we 
9 : ey aes ais 


68 , a 
(a) Expressed as % of the Ga radioactivity 
at time of elution of the generator 


The 88 G6 contamination of the generator eluate decreas- 
ed as the number of elutions increased, in agreement with 


earlier reports in the literature (89). 


: 68 
d. Determination of the Recovery Time of the Ga-Generator 
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Parent-Daughter Decay Curve 
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each subsequent elution of the generator the following ex- 
periment was performed: On the first day of each week the 
generator was milked twice. This was repeated over three 
consecutive weeks allowing different recovery periods be- 
tween the two elutions, as shown in Table VIII. The results 
in. Table VIII indicated that about three hours were required 
for the generator to attain 93.5% of the previously eluted 


68 68 


radioactivity. It has been reported that the Ge-- Ga- 


generator could be eluted every three to four hours (2), 


e. Characteristics of the Generator Eluate 

The following experiment was performed to determine 
which portion of the generator eluate contained the greatest 
amount of radioactivity. The generator eluate was collected 
serially into a number of sample tubes and assayed for 
Oe ea radioactivity in the gamma spectrometer. The results, 
as calculated using computer program B, are shown in Table 
BX. 

An eluate volume of 7.0-7.5 ml contained approxi- 
mately 85% of the total eluted radioactivity. Therefore, 
such volumes were used consistently throughout the entire 
Study so: tuat.a OP ra sample of high specific activity could 


be obtained. 


J+) Preparattoniar the 68 ¢a-Polyphosphate 


68ca-polyphosphate complex 


: : 6 
it was first necessary to dissociate the 8ca-EDTA and to 
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TABLE IX 


Gallium-68 Radioactivity in Various Portions 


of the 68,,_58¢, Generator Eluate 


Cumulative Cumulative Percent of Total 
Sample Volume Collected Radioactivity Radioactivity 

No. (m1) Eluted (uCi) Eluted 
1 0.68 0.02 0.02 
2 1.41 1.05 1.44 
3 Zeke 24.94 34.39 
4 a 2 noo | 58303 
5 3.52 49.79 68.67 
6 4.16 52.86 72.90 
; 4.85 DO ou 76.14 
8 Sg, a7 00 78.68 
9 6.07 58-073 80.99 
10 Cea 60.26 Soe i 
1] Paes 61.58 84.93 
12 7.86 62.79 BO. D9 
13 8.44 63.87 88.08 
14 9.00 64.87 89.46 
ies) G52 65.65 90.54 
16 10.06 66.54 ud BEY le 
a7, 10.58 67.38 92.93 
18 Lis4 GGa27 94.15 
19 11.64 69.00 95.16 
20 LP sa 69.74 96.18 
21 124.58 70.38 97.96 
22 13.09 ye eg 98.09 
23 13. 50 ra 98.89 
24 13.96 72.34 99.76 
a5 14.08 7 Dil 100.00 
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reported (51,77,90,91) but a modification of the method 
as described by Carlton (91) appeared to be the most appli- 


cable due to its rapidity and efficiency. The method involved 


68 


the dissociation of the Ga-EDTA complex with concentrated 


HCl followed by ion-exchange separation of the two components 


68 68 


G2). “the Ga, as GaCl, was retained by the resin 


4 
while the EDTA passed through the resin bed with the concen- 


trated HC1 (7). °'The 98 


68 


Ga was subsequently removed from the 


resin as GaCl, by the addition of dilute HCl. 


3 


68 ¢3-EDTA 


a. Dissociation and Separation of the 
The ion-exchange resin was washed thoroughly with 
water and decanted to remove any fine particles. A slurry 
of the ion-exchange resin in 8N HCl was poured into a buret 
of 1.1 cm inside diameter and packed to a height of 3.5 cm. 
The following procedure was then adopted for the dissociation 
of the chelate and the separation of its components. 
(i) 7 ml of generator eluate were mixed with 7 ml of 
8N HCl 
(ii) the mixture was applied to the top of the resin 
column and the flow rate was adjusted to about 
0.5 ml/minute 
(iii) 1 ml portions of the eluate were collected into 
counting tubes 
(iv) after all of the original mixture had passed 
through the resin, an additional 10 ml of 8N 
HC] were added to the column to remove any remaining 


EDTA; 1 ml portions of eluate were also collected 
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(v) the 68 


Ga was removed from the resin by the addition 
of 10 ml of 0.1N HC1, and 1 ml portions of eluate 
were collected 


68 G4 


(vi) all the sample tubes were then assayed for 
radioactivity in the gamma spectrometer 

(vii) all relative calculations were done using computer 
program C (Appendix 3), 

With the Rexyn-201 resin, about 40% of the available 
radioactivity was recovered in the 0.1N HCl fraction, whereas 
with the Dowex 1-X4 resin, about 96% recovery was obtained. 
It was also observed that the first 2-3 ml of the O.1N HCl 
fraction collected off the resin contained essentially no 
radioactivity since this represented the bed volume of the 
resin. However, the next 3-4 ml contained about 98% of the 


oo aa. Therefore, in all future separation pro- 


available 
cedures, the first 3 ml of the 0.1N HCl fraction were dis- 


carded and the next 3 ml were collected. 


b. Efficiency of the Dissociation and Ion-Exchange Separa- 
tion Procedures 
A paper chromatographic. technique was designed in an 

effort to determine the efficiency of the dissociation pro- 
cedure. The solvent system chloroform-acetone-isoamy |] 
alcohol (1:1.5:1) and Chromar-500 chromatographic paper 

were used. A sample of the generator eluate remained at the 
origin, whereas a sample of the eluate after the dissociation 


and separation procedures migrated with an Rf value of 0.7. 
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68 


These results indicated that the Ga-EDTA complex was 


*Sgacl, inathe-0,1N HC] fraction. 


However, the possibility of the presence of some free EDTA 


dissociated yielding 


in the 0.1N HCl was also considered. For this reason a 
Quantitative estimate of the amount of EDTA in the 0.1N HCl 
fraction was made. 

Initially the colorimetric method for estimating EDTA 
as described by Brady and Gwilt (133) was used but proved 
unsatisfactory probably due to the presence of interfering 


14 


cations. Therefore, an experiment using C-EDTA.as a tracer 


was designed, as outlined below: 


140 _epTA solution contain- 


(i) a 0.1 ml aliquot of the 
ing 5 uCi was thoroughly mixed with 7 ml of genera- 
tor eluate in 7 ml of 8N HCl 

Che) this mixture was applied to the top of a Dowex 
1-X4 resin column 

(iii) 25 ml of the 8N HCl eluate, (fraction A) and 
8 ml of the 0.1N HCl eluate (fraction B) were 
collected 

(iv) four 1 ml aliquots from both fractions were trans- 
fered into liquid scintillation vials containing 
10 ml of Aquasol 

(v) the eight vials were set aside for 48 hours to 


6864 radioactivity, 


14 


allow for the decay of the 
after which time the vials were assayed for C 


radioactivity in the liquid scintillation 
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spectrometer. A vial containing fluor only was used to 
provide a background count. The results are summarized 


in Table X. 


TARLE ox 


'4C_EDTA Radioactivity in Dowex 1-X4 Eluate 


Number of samples from each fraction : 4 


Radioactivity (fraction A) > 835969 + 18265 dpm/ml 
Radioactivity (fraction B) > 45 + 3.36 dpm/ml 
Background Sa ROS. AO BSC 


(average of 10 determinations) 


The radioactivity in fraction B was much lower than 
that in fraction A. However, the significance of the differ- 
ence between the count rates of fraction B and background 
was not immédiately apparent. The following experiment was 
performed to determine if the difference observed was 
STQNificantt. 

(i) each of the four aliquots representing fraction B 
were hacounted a total of ten times 

crt) the mean count rate and its standard deviation 
were calculated for each aliquot 

(iii) a Student t test was used to compare the mean 
and standard deviation of each sample to that 
of the background. 

At the 95% confidence level, the difference between 


Sample and background count rates were found to be significant. 
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The net count rate for each of the four samples was 
calculated using Equation 3 (Appendix 2). The average net 
count rate of the four samples as determined by Equation 4 


(Appendix 2) was 9.5 + 5.4 dpm/ml or 75.2 + 43.28 dpm/8 ml. 


This represented 0.00865 + 0.0049% of the V4 


C radioactivity 
initially added to the Dowex 1-X4 resin. Since 9.535 mg 


ENTA -Chathwlabeladiand as | * 


added to the Dowex 1-X4 resin, the quantity of EDTA in the 


C labeled) had been initially 


0.1N HC] fraction was therefore estimated to be 0.825 + 
0.467 wg. This amount of EDTA was comparable to that reported 
by Carlton (91) who used the colorimetric method and found 


an EDTA -content Jot 15 gig yin thesO.UN HCl fraction. 


8. Preparation of Compounds for Animal Studies 


68 


The addition of carrier gallium to a Ga-citrate 


preparation has been shown to cause enhanced bone uptake of 


the 68 


Ga due to saturation of the plasma protein-binding 

sites (41). The formation of Ga(0H), from GaCl, at physio- 
logical pHGor'tby the addition of NaQH to a GaCl, solution 

has also been established i In addition, Ga(0H), can 
partially exist in a colloidal form and as such could be taken 
up in the liver, spleen and bone marrow. For these reasons, 
tissue distribution studies in mice were done in order to com- 
pare and evaluate the tissue uptake characteristics of 


68 ca-polyphosphate, 68 ¢a-polyphosphate plus carrier gallium 


(hereafter referred to as 68¢a-gallium-polyphosphate) and 


°8 Ga (OH). The uptake of 63¢a-gallium-polyphosphate and 
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*S Ga (OH) 4 was also studied using rabbits in order to compare 


the uptake in bone and bone marrow of these two compounds. 


Qa. ,rreparaction OF 68 ca -Polyphosphate 
Based on previously reported results, (3), a poly- 
phosphate dose of 5 mg/kg body weight was used throughout 


6 


the tissue distribution studies. The 8Ga-polyphosphate 


was prepared as follows: 


CL 7 3hnt oF °8Gacl, in 0.1N HCl] were collected from 
the Dowex 1-X4 resin 
(ii) a filtered sodium tripolyphosphate solution, 


sufficient to give a polyphosphate dose of 5 mg/kg 


was added to the 6 


SGacl,: the solution was mixed 
for two to three minutes on a magnetic stirrer 

(iii) the pH was adjusted to 7.0 first by the addition 
of.a few drops of 15N NaOH followed by a few drops 
of 0.1N NaOH 

(iv) the final volume was adjusted to 5.0 ml with 
distilled water 

(vy) if necessary, the pH was readjusted to 7.0 with 
0.1N NaOH 

(vi) the final solution was mixed for an additional 
two to three minutes before injecting into the 
test animals. 


b. Preparation of 68 ¢a-Ga1lium-Polyphosphate 


Preliminary animal studies following the administra- 


68 


tion of Ga-gallium-polyphosphate in mice, at a dose of 
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1.98 mg gallium (5 mg GaC1.) per kg, resulted in a high liver 


uptake as compared to that of 


68 ¢-polyphosphate. When 


0.98 mg (2.5 mg GaC14) of gallium/kg was added as a carrier, 


this high uptake in the liver was not seen. The 


68 ea-gallium- 


polyphosphate was prepared as follows: 


(i) 


want) 


(raid) 


(iv) 


(v) 


(vi) 


(vii) 


68 


Zam! sof GaC1l, in 0.1N HCl were collected from 


5 

the Dowex 1-X4 resin 

a filtered sodium tripolypnosphate solution, suffi- 
cient to give a polyphosphate dose of 5 mg/kg was 


68 


added to tne Gall; the solution was mixed for 


two to three minutes on a magnetic stirrer 

a sufficient amount of GaCl, was added to the above 
deh? tae to give a dose of 0.98 mg gallium/kg; 

the solution was again mixed for two to three 
minutes 

the pH was then adjusted to 7.0 by first adding 

a few drops of 15N NaOH followed by the addition of 
one to two drops of 0.1N NaOH 

the final volume was adjusted to 5 ml with distilled 
water 

if necessary, the pH was readjusted to 7.0 with 
0.1N NaOH 

the final solution was mixed for an additional 

two to three minutes before injecting into the 


test animals. 
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c. Preparation of °8Ga(OH), Solution 
The method used for the preparation of this compound 
was as follows: 
(i) 3 ml of °8Gacl, in 0.1N HCl were collected from 
the Dowex 1-X4 resin 
(ii) the pH was adjusted to 7.0, first by the addition 
of a few drops of 15N NaOH followed by one to two 
drops of 0.1N NaOH 
(iii) the final volume was adjusted to 5 ml with distilled 
water 
(iv) if necessary, the pH was readjusted to 7.0 with 
0.1N NaOH 
(v) the final solution was mixed for an additional 


two to three minutes before injecting into the 


test animals. 


II. Animal Studies 
Abe Tissue Dtstribdtion* itn Mrcé 


6868 were slowly injected 


The various compounds of 
in mice via the tail vein. The volumes injected contained 
1-2 uli of radioactivity and did not exceed 0.25 ml. After 
injection the animals were kept in metabolism cages and the 
urine and feces were collected separately. Food and water 
were available ad libitum throughout the postinjection period. 


At specified time intervals the mice were sacrificed by de- 


capitation. A blood sample was collected in a heparinized 
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Syringe and a 0.2 ml aliquot was transfered to a counting 
tube. The tissues removed for assay included the lungs, 
liver, G.I.T. and contents (referred to hereafter as G.I.T.), 
spleen, kidney, brain, muscle, heart and bone (femur and 
tibia). All tissue samples were rinsed clean of excess blood 
in distilled water, blotted dry, weighed and placed into 


6864 radio- 


counting tubes. Each sample was assayed for 
activity in the gamma spectrometer. The tail, remainder of 
the corpse, urine and feces were also counted in order to 
calculate the total radioactivity recovered. 

Computer program C was used to calculate the radio- 
activity in each tissue sample as well as to calculate the 
percentage of the total administered radioactivity which was 
recovered in each tissue. The total radioactivity injected 
was calculated by counting an aliquot of the original prepa- 
ration equivalent to the volume injected. All sample counts 


were corrected for background and for radioactive decay to 


the time of elution of the generator. 


B. Tissue Distribution in Rabbits 
For the rabbit tissue distribution studies, 5-10 uli 


Bo Gs radioactivity were injected into the marginal ear 


of 
vein in a volume of 5-6 ml. After injection the rabbits 
were individually kept in cages with free excess to food and 
water. Three hours after the injection, a blood sample was 


collected in a heparinized syringe by cardiac puncture 
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and a 1 ml aliquot was transferred to a counting tube. The 
rabbits were then sacrificed and the tibia and femur from 
One leg were removed and cleaned of all adhering tissue. 

The marrow from each of these bones was collected, weighed 
and transfered into counting tubes. The bones were washed, 
Cut into small pieces, weighed and distributed into a series 
of counting tubes. Samples of liver, lung, spleen, kidney 
and muscle were also obtained. All samples were assayed 


for BS 


Ga radioactiyity in the gamma spectrometer. Computer 
program C was used to calculate the radioactivity in each 
sample as well as the percentage of the total administered 
radioactivity which was recovered in each sample. All 
values were corrected for background and for radioactive 


decay to the time of elution of the generator. 


Cro/Toxicity: Studies 


The toxicities in mice of solutions of sodium tri- 
polyphosphate and of sodium tripolyphosphate containing 
carrier gallium were investigated. Various concentrations 
of these two preparations were administered by intravenous 
injection to groups of mice. 

The mice were observed over a postinjection period 
up to 30 days. During this period the mice were weighed 
on various days and their weights were compared to those of 
control animals. 


At postinjection time intervals of 7 and 30 days, 
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tissue samples of lung, liver and kidneys were excised from 
test and control animals and preserved in a 10% formaldehyde 
solution for histopathological examination. Bone tissue 
samples of the rib, humerus, and femur were obtained from 
test and control mice 30 days after the injection for histo- 


pathological studies. 


D. Imaging 

Rabbits used for bone imaging studies were tranqui- 
lized by the administration of an intramuscular dose of 
0.15 ml/kg body weight of Innovar-Vet (McNeil Laboratories, 


68 


Don Mills, Ontario). Approximately 10 uCi of either Ga- 


polyphosphate or °8 Ga-gallium-polyphosphate were adminis- 
tered via the marginal ear vein in a volume of 5-6 ml. The 
rabbits were positioned between the two detectors of the 
Pho/Gamma-Positron III Camera. A series of images were 


recorded beginning approximately 17 minutes after the admin- 


istration of the compounds. 


{2 


| one “beetoxe ari avenbts v 
‘sbydsbT gmat XOr 5 at bovaseang baa etankne 10" 2 2 
oueztt aad |: eh damned iain iranian on 
Jon pian faded onaw yuma nae yeuromuid Ahan ham 
‘-opeth 1 ok nordoatat ent Faetis _—" ooim fontno> 3 
~ ae iP . 
. at hard anol 
abt é: ry 
dupnent siew 2stbute entesnt anod- in sone staat! 
to sebb tel urzumsrs0h a6 to notteste hi tmbs edt. “a 
a ‘Thshomy- boll-Tévonn to aig an vbod. eaN ana 
-52°° oats Yo Hy OF yfstamtxongqA <hsiital wo 
santas. 979K stedgzotqysoqnaut 505i" 10 
adT . tm -3- 2 +0 simu Low 8) At few sae semrorsm oti sty 
‘adt 40: evotasdeb owt ot nsowted ile evew eth 
BSR 2opseml to. 2st392, A eiees? TE Stora 209~nmiiso'\a 
"ibs aig. 9d h6, Siegal Seiapibontinanetnt eninniged sre 
nei g@o 9 edt to notseraet 
| Wh : ahs rime tha ee a ; 


ay 

7, 

~j ae. th an 

re ‘ 7 1% 

ua ) F 

‘ é ‘ qe HOO: 

4 ‘ J of se t i 7 

: =! i Le ee ; 

Megs a | 


RESULTS AND DISCUSSION 


92 


roe 


ial i. ; , : ' lee Rd bs a ; i . ™ 
al ay eee a Ms eth wir pasha 
Mate Racers in gui ama 


a ee oe ws lal. ne aed 


“ 
a 
{ f 
w\ a F } 
} 
x 
it n 
7 } 
} - = / : ol 
| Vie 
— “ hd 
= f ‘ ae 
0 
me ae a. 
7 4 
oa, 
. 
_ 4 
= a 
t t 
a 


I. Characteristics of the 68 Ga-Polyphosphate Complex 


The procedure described for the preparation of oe 


Ga- 
polyphosphate in this study was based on the results of a 
number of preliminary experiments. Initially, a 0.005M 
sodium tripolyphosphate solution was used to elute the 


68 Ga -~polyphosphate 


generator in an attempt to form the 
complex directly. This method was unsuccessful in that 

the total radioactivity eluted using the sodium tripoly- 
phosphate solution dropped from an initial level of about 
42 uli to about 1.6 uli after several elutions. However, 
when 0.005M EDTA solution was again used, the radioactivity 
in the eluate was restored to normal levels. Elution of 


the generator with water produced similar low levels of 
as was obtained with the sodium tripolyphosphate solution. 
From these results it was concluded that elution of the 
generator with a sodium tripolyphosphate solution was not 
feasible. Thus, the procedures involving dissociation of 
the 68 6 a-EDTA and the ion-exchange separation of the two 


68 


components was used to obtain Gacd.“asea Startingamateria 


3 
for the preparation of the °8ga-polyphosphate complex. 

When 500 mg of stable GaCl, was added to a solution 
containing 2 g of sodium tripolyphosphate, a cloudy sus- 
pension formed which cleared after the solution was mixed. 
It has been reported that polyphosphates form insoluble 


salts with polyvalent metal ions and that these salts can be 


dissolved by the formation of soluble complexes in the 
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presence of excess polyphosphate (85). Based on this ob- 
servation, it was suspected that a Ga-polyphosphate complex 
had been formed as noted by the disappearance of the cloud- 
iness in the solution. 

Further substantiation of this complex formation 
was attempted using paper chromatography and the solvent 


system consisting of chloroform-acetone-isoamyl] alcohol 


6 


(1:1.5:1) on Chromar-500 paper to separate 8G acl and 


3 
68 Ga-polyphosphate. A sample of the mixture when applied 


68 


to the paper showed that Ga-polyphosphate remained at the 


*Seacl, migrated with an Rf value 


68 


spot of origin while the 


of 0.7. However, a neutralized GaCl, solution also 


remained at the origin, probably as the Ga(0H)., (Z)eteThus, 


by this method, it was not possible to conclusively dis- 


68 


tinguish between a Ga-polyphosphate complex at pH 7.0 


94 


and °8Ga(0H), at pH 7.0. It was also noted that the addition 


of 6N NaOH to a solution containing 250 mg of GaCl, produced 
a precipitate at pH 7.0, probably as Ga(0H)., (7). Addition 
of 6N NaOH to the same solution containing 1 g of sodium 
tripolyphosphate failed to produce a precipitate. This 
could have indicated that a Ga-polyphosphate complex had 
been formed in the latter case, thereby preventing the 


formation and precipitation of Ga(0H).,. This Ga(0H), 


suspension, when added to a sodium tripolyphosphate solution, 


failed to produce the clear solution as was previously noted 


for GaCl, and sodium tripolyphosphate. 
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Since aqueous polyphosphate solutions can be preci- 
pitated by the addition of alcohol or acetone (96), infrared 
spectrometric techniques were employed in an effort to 
distinguish between a sodium tripolyphosphate solution and 
a Ga-polyphosphate complex. Ethanol was added to a solution 
containing 20 g of sodium tripolyphosphate as well as to 
a similar sodium tripolyphosphate solution containing 


500 mg of GaCl In both cases a precipitate formed upon 


3° 
the addition of 10 ml of ethanol. The I.R. spectra obtained 
for these two precipitates using both the KBr pellet and 
nujol mull methods on a Unicam SP 1000 Infrared Spectro- 
photometer (Pye Unicam Limited, Cambridge, England) were 
identical. Thus, it was not possible to differentiate 
between these two compounds by this technique. 

Complex formation was subsequently checked using 
paper chromatography and the solvent system 95% ethanol- 
water (1:1). Using Whatman No. 1 filter paper, a sample 


68 Ga-polyphosphate migrated with an Rf of 0.6, 


68 


of the 


but a sample of Ga(0H). remained at the origin. 


From the above series of results, it was concluded 


that: 


(i) 68¢a-polyphosphate cannot be eluted froma °°Ge- 


SF aa generator using sodium tripoliyphosphate 


(ii) 68 ¢a-polyphosphate could be formed by thoroughly 


68 


mixing a solution of GaCl, with an excess of 


| 
sodium tripolyphosphate 
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(iii) in the absence of sodium tripolyphosphate or 
failure of the complex to be formed, °° Ga (OH), 
will form at pH 7.0 

(iv) the solvent system of 95% ethanol-water (1:1) 
can be used to distinguish between °8 Ga (0H). 


68 


and Ga-polyphosphate 


(v ) 8 Ga(OH) when mixed with a sodium tripoly- 


68 


phosphate solution, will not form a Ga-poly- 


phosphate complex 


IIl,., Tissue Distribution in. Mice 

The tissue distribution studies following the in- 
travenous administration of the various 08 ¢a-radiopharma- 
ceuticals in mice were performed on a minimum of five mice 
at,each.of rthe.various,timeninteryals. Because°of the short 


physical half-life of the 68 


Ga radioisotope and also the 
low levels of radioactivity that were available for injec- 
tion (approximately 1.0-2.0 uli per injected volume), 

the distribution studies were extended to a maximum of 

six hours only. The results of the tissue distribution 
studies were expressed as a percentage of the injected 
dose per gram of tissue and as a percentage of the in- 
jected dose per total organ. In the latter case, it was 
assumed that the bone, blood, muscle and bone marrow repre- 


sented 10%, 7%, 43% and 2.2% of the total body weight 


respectively (3,126). 
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A. ©8 Ga-Polyphosphate Tissue Distribution Studies 


Table XI shows that soon after the administration 


of the 68 


Ga-polyphosphate complex, the blood and the lungs 
exhibited the greatest concentration of yadioactivity 

which slowly decreased throughout the various time inter- 
vals. Since gallium is known to bind to plasma proteins, 
specifically, transferrin (34,35), this high level of radio- 
activity in the blood was therefore probably due to protein- 


binding of the oe 


Ga. As represented in Figure 5, the 
levels of radioactivity in the lungs and blood were nearly 
parallel. The concentration of faditactty tty an each of 
these organs decreased as time elapsed. Because of this 
Similarity in behavior, it was assumed that the majority 
of the radioactivity in the lungs was due to the radio- 
activity of the blood within the lung. It would also 


68 ¢a-polyphosphate complex left the 


appear that as the 
blood compartment, it became available for bone uptake 

which increased throughout the period of study. The bone 
uptake reached a maximum after three to four hours which 


compares to PINT STP P which requires a delay of three 


to four hours prior to the start of an imaging procedure (3). 


Table XII and Figure 6 show that the muscle and 


68 Ga -poly- 


G.I.T. localized an appreciable amount of the 
phosphate complex. The radioactivity in the G.I.T. could 
not be ascribed to excretion of the complex in the feces 


as only 2.5% of the administered radioactivity was recovered 
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Whole Organ Uptake of 8Ga-Polyphosphate in Mice 
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in the feces at six hours postinjection. The uptake of the 
complex in the G.I.T. at the same time was approximately | 


6/ea-citrate 


18% (Table XII). It has been reported that 
is normally taken up by the mucous membranes of the stomach 
and intestines (52). On the other hand, a polyphosphate 
such as Bhat ST RP did not show any significant atake in 
the G.I.T. (3). Thus, the uptake of the complex by the 
G.I.T. was considered to be due to the normal binding of 
Boca to the mucous membranes of the stomach and intestines. 
In animal studies using ol er-polyphosphate aaSaxX 
hour post-injection muscle uptake of 3.23% of the injected 
dose per gram of muscle was reported (112). In the present 
study, 686 3-polyphosphate showed an uptake of 1.82% of the 
injected dose per gram of muscle after the same interval 


99m 


of time. A three hour postinjection study using Tc- 


STPP in rabbits reparted an uptake of 4.69% of the injected 

dose by muscle (3), compared to an uptake of about 21% 

per total muscle of mice as determined in the experimental 

work. No reports in the literature were found indicating 

the expected normal uptake of gallium by muscle tissue. 
Table XIII shows the concentration of radioactivity 

in each organ compared to the radioactivity in the blood 

at the various time intervals. From these results it is 


obvious that the bone tissue was the target organ, showing 


the highest ratio as compared to all other organs. In cies Weak ys 


the bone tissue concentrated over 50% of the injected dose 
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6 


six hours after administration of the 8Ga-polyphosphate. 


Be 68 Ga-Gallium-Polyphosphate Tissue Distribution Studies 


The addition of carrier gallium to the = 


Ga-poly- 
phosphate complex produced a very noticeable effect on the 
levels of radioactivity in both the lung and in the blood. 
The radioactivity in each of these tissues was approximately 


One third that noted for 68 


Ga-polyphosphate after 15 minutes 
postinjection. The tissue distribution data (Table XIV) 
for the lung and blood are again simialr. The addition 


68 


of carrier gallium to Ga-citrate has been reported to cause 


Saturation of the gallium binding proteins producing an 


68 ca-citrate (36,41 584). 


enhanced skeletal uptake of the 
As is shown in Table XIV and Figure 7, when the blood levels 
decreased, there was a corresponding increase in bone 

tissue uptake. It appeared that as the blood was cleared 


didey radioactivity, more Oe ea then became available 


of the 
for uptake in the bone. Maximum bone uptake occurred 
after a postinjection period of about one hour compared 


68 ca -poly- 


to about three hours previously observed with 
phosphate. The decreased blood levels were also reflected 
in an increased urinary excretion of radioactivity. After 
four hours, the cumulative urinary excretion was about 

35% compared to about 6% in the case of 68 ¢a-polyphosphate 


for the same time interval. 


The concentration of radioactivity in the G.I.T. 
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Figure 7 


68¢a-Gallium-Polyphosphate in Mice 
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and muscle was consequently lower when carrier gallium 


was added to the 68 


Ga-polyphosphate. An interesting 
observation at this point was that the radioactivity in the 
feces did not increase as the level of radioactivity decreas- 
ed in the G.I.T.. Whereas the level of radioactivity in 


6 


the feces four hours postinjection for 8ca-polyphosphate 


68 ¢a-gallium-polyphosphate 


was approximately 2.3%, that of 
was approximately 0.5% of the injected dose. 

Table XV and Figure 8 show that the whole organ 
uptake in the bone tissue reached 42% only 15 minutes after 


administration and attained a maximum level of 64% after 


four hours. The bone-to-blood ratio of 7.49 (Table XVI) 


after four hours also reflects this active uptake by the 


bone tissue. This value is considerable larger than that 


68 ¢a-polyphosphate at the same time interval 


observed with 
(Table XIII) and is approximately 10-15 times greater than 
any other tissue with the exception of the kidney. With 

J9M7e-STPP in the rabbit, the maximum bone-to-blood ratio 


of 6.1% was obtained only after a 24 hour postinjection 


period (3). 


C, °8 Ga (OH), Fissue Distribution Studies 


Since °8 Ga (0H) is known to exist partially ina 
colloidal form, it was expected that the liver, spleen and 
bone marrow would be the major organs of uptake. In fact, 


the liver, spleen and lungs were the organs that showed the 
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Figure 8 


Ga-Gallium-Polyphosphate in Mice 
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highest uptake (Table XVII) suggesting the formation of 
colloidal material. The radioactivity in the lungs and blood 
now displayed different distribution curves (Figure 9). The 
lung retained relatively more radioactivity than the blood, 
possibly indicating that larger particles had formed in the 
preparation which were trapped in the lung capillary bed. 
Table XVIII and Figure 10 show that the liver concen- 
trated 35% of the total administered dose within four hours 
after the injection, whereas the bone tissue localized only 
half that amount after the same time period. The tissue-to- 
blood ratio (Table XIX) showed that the liver, spleen and 


68.. 


lungs were more active than the bone in removing the 
radioactivity from the blood. Other colloidal compounds 
such as 997 e-sulfur COUP Odd 01355"); 68 ¢a-chromic phosphate 


68ca-hydrous ferric oxide colloid (85) have 


colloid (88) and 
shown similar distribution patterns. 

At this potnt it was not possible to ascertain Jf 
the radioactivity in the bone was due to an uptake of the 
684 preparations by the bone mineral itself or by the bone 
marrow. A separate experiment was therefore designed to 
further investigate this aspect using the rabbit as a model, 


the results of which are presented below. 


III. Tissue Distribution in Rabbits 
The results of the tissue distribution studies per- 


formed on mice indicated that the major site of uptake of 
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Tissue Distribution of 68¢4-Hydroxide in Mice 
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Whole Organ Uptake of Ga-Hydroxide in Mice 
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both Ga-polyphosphate and Ga-gallium-polyphosphate 


68 


was in the bone and that the Ga-gallium-polyphosphate 


complex had the greater bone-to-blood ratio. However, 
°8 Ga (0H), was primarily concentrated by the liver and 
Spleen. Rabbit distribution studies were undertaken 
to determine: 


(i) whether the 6864 (0H) was taken up in the bone 


3 
marrow 


(ii) to what extent, if any, the 68 


Ga-gallium-poly- 
phosphate complex accumulated in the bone marrow. 
Table XX shows the results obtained for these two 
compounds in rabbits three ene after intravenous admin- 
istration. The bone mineral concentrated the Oe eae aoaaniune 
polyphosphate almost 20 times more than did the bone 


6 


marrow. Also, since the concentration of 8ca-gallium- 


polyphosphate in the liver was approximately 200 times 


68 


less than for 6864 (0H) it was concluded that the Ga- 


3? 
gallium-polyphosphate was essentially non-colloidal in 
nature. A bone mineral-to-bone marrow ratio of approx- 
imately three was obtained for the °8 Ga (0H) 4. The spleen 
and liver were the only other tissues that showed a sig- 
nificant uptake of the °8Ga(OH),. 


68¢,-radio- 


The bone-to-tissue ratios for the two 
pharmaceuticals three hours after the intravenous admin- 
istration to rabbits are shown in Table XXI. The bone- 


to-marrow, bone-to-muscle and bone-to-blood ratios reported 
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TABLE XX 


Concentration of Radioactivity Three Hours 
After the Intravenous Administration 


of Various Gallium-68 Radiopharmaceuticals in Rabbits? 


Compound 
68 


Tissue psfivphosphate Ga(OH), 
Bone Mineral 0.48 0.32 
Bone Marrow O02 0:1 
Liver 0.01 0.2 
Lung Ora 0.03 
Spleen 0.06 I 5) 
Kidney 0.05 0.07 
Muscle 0.003 0.01 
Blood? 0.02 0.04 
a 


Expressed as percent of injected 
radioactivity per gram of tissue. 


Expressed as percent of injected 
radioactivity per millilitre of blood. 
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99MT6_sTpp in rabbits at the same time interval were 


for 
9°79, 37 and 3.) respectively (3). [lt as obvious that the 
highest bone-to-background ratio would be obtained for 


68 ¢a~gallium-polyphosphate when used for bone imaging 


99m 


in rabbits compared to either 8 Ga (OH), or Tc-STPP. 


IV. Toxicity Studies 
A. Acute Toxicity 


The acute toxicity of sodium tripolyphosphate and 
of sodium tripolyphosphate containing carrier gallium 
was evaluated in mice after the intravenous administration 
of various dose levels contained in 0.25 ml. The results 
of these studies are presented in Table XXII and Table 
XXIII. 

Only the 200 mg/kg dose of sodium tripolyphosphate 
resulted in any deaths. The deaths occurred rapidly, usually 
before the entire dose had been injected. The one surviving 
mouse at this dose level suffered muscle spasms which 
persisted for about one minute, after which the mouse 
recovered. Polyphosphates are known to cause a reduction 
in serum calcium levels (113, 144207155176) whieh: was 
probably the cause of death at this dosage. The acute 


99M7- polyphosphate has been reported previously 


LOxicaty of 
as being 150 mg/kg in mice (124). 
No deaths occurred at any of the dose levels of 


sodium tripolyphosphate containing carrier gallium. A dose 
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TABLE XXII 


Acute Toxicity of Sodium Tripolyphosphate 
After Intravenous Injection in Mice 


Number of Mice Number of 
Dose (mg/kg) Injected ‘Deaths 

8 aes, 2 0 

To 2 0 

2 ao 2 0 

bs0 2 0 

10.0 2 0 

50... 0 2 0 
100.0 2 0 
200.0 5 4 
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TABLE XXIII 


Acute Toxicity of Sodium Tripolyphosphate 


Containing Carrier Gallium After 
Intravenous Injection in Mice 


Dose (mg/k 


Sodium 34+ Number of Number of 
Tripolyphosphate Ga as GaCl, Mice Injected Deaths 


OVS OF 109 2 0 
1.0 0419 2 0 
235 : 0.49 2 0 
ep! 0.99 2 0 
10.0 ln. 98 2 0 
50.0 95°90 Z 0 
100.0 
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of 5 mg/kg of carrier gallium used in rat distribution 
studies previously (41) has been described as being 
objectionably high (42). However clinical studies ht vce 
68¢a-citrate containing carrier gallium at a dose of 4 mg 
gallium/kg resulted in no apparent toxicity to the patients 
(36). 

A polyphosphate dose of 0.5 mg/kg in the form of 
99M 7 ¢ -polyphosphate has been proposed for use a humans 
(123). Based on this dose level and on the results of 


68 ca -polyphosphate con- 


the toxicity studies in mice, a 
taining 0.5 mg polyphosphate /kg would provide a large 
safety factor for use in humans. Also, since a carrier 
dose of 4 mg gallium/kg has shown no apparent toxicity in 


68 a -polyphosphate containing 0.5 mg poly- 


humans (36), a 
phosphate and 0.25 mg gallium/kg would provide a fairly 


large margin of safety for use in humans. 


B. Effect on Weight Gain 
The surviving mice were observed over a 30 day period 


and their weights compared to those of control mice at 
various times. No appreciable differences between the 
weights of test and control mice over this period of time 


were observed. No long-term effects were grossly apparent. 


C. Histopathological Studies 
The results of the histopathological studies of the 
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liver, lung and kidney tissues excised at 7 and 30 days 
postinjection and for bone samples of rib, humerus and 

femur removed after 30 days showed no evidence of inflamma- 
tory, embolic, degenerative or any other significant changes. 
However, some specimens of lung exhibited artifactual 
Changes due to the presence of large amounts of recently 
extravasated blood within the alveolar spaces, probably due 
to decapitation of the animals. Also, formalin pigment was 
found within certain tissues. It is known that formalde- 
hyde absorbs ultraviolet light and is converted into formic 
acid unless a buffer is added to the formaldehyde solution. 
Since no buffer was added to the formaldehyde solution used, 
the presence of formalin pigment in the tissues was 


obviously due to the preservative. 


V. Bone Images 
A high bone-to-background ratio is a desirable 


characteristic of any bone imaging agent. This can be 
achieved by: 
(i) a rapid uptake by bone of a large fraction of 
the administered radiopharmaceutical 
(ii) an equally rapid clearance from surrounding 
tissue 
(iii) a rapid urinary excretion of that portion of 
the dose not concentrated by the bone 


Thus, a high bone-to-background ratio is reflected in high 
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bone-to-muscle and bone-to-blood ratios. 
According to Tables XIII, XVI and XXIV, it was 
obvious that the 68¢a-gallium-polyphosphate showed the 


highest bone-to-muscle and bone-to-blood ratios as compared 


68 


to Ga-polyphosphate. Whereas other investigators have 


reported bone-to-muscle and bone-to-blood ratios of 37:1 


99m 


and 3:1 respectively for Tc-STPP (3) this present study 


indicated that °8 


Ga-gallium-polyphosphate would yield 
bone-to-muscle and bone-to-blood ratios of approximately 
160:1 and 23:1 respectively in rabbits after the same time 
period. | 


68. ,- 


Based on these results, it appeared that the 
gallium-polyphosphate complex had the highest bone-to- 
background ratio compared to either 686 4-polyphosphate or 


99m 68 


Tc-STPP, “To further: compare the utility of Ga- 


686 a-gallium polyphosphate as potential 


polyphosphate and 
bone imaging agents, the rabbit was used as a model, and 
bone images were obtained with the Pho/Gamma Positron III 
Camera. The results are presented in Figures 11 - 18. 
Figures 11 - 17 represent the hind quarter of a rabbit 
whereas Figure 18 displays the front section of a rabbit. 


68¢3-polyphosphate and for 


The best images for the 
the 686 4-gallium-polyphosphate were obtained after a 
postinjection period of 120 and 145 minutes, respectively. 
However, these images do not necessarily represent maximum 


levels of radioactivity in the bone. Each image was 
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a. 


Figure 1] 


Positron image obtained 30 minutes after the 
intravenous administration of 68 
in a rabbit 


Ga-polyphosphate 


Focad plane: 3° inches 
Accumulated count: 18,000 counts 


Figure 12 


Positron image obtained one hour after the 
intravenous administration of ee 
iia enabb ic. 


Ga-polyphosphate 


Focal plane: 3 inches 
Accumulated count:; 7 17,000: counts 


Figure 


Figure 


1] 


12 


4 } 3 132 


“Frgure}3 


Positron image obtained 90 minutes after the 
intravenous administration of 68¢4-polyphosphate 
in aunabo ie. 


Focal plane: 3 inches 
Accumulated count: 17,000 counts 


Figure 14 


Positron image obtained 120 minutes after the 
intravenous administration of 686 a-polyphosphate 
in a, rabbit. 


Focal plane: 2 inches 
Accumulated count: 30,000 counts 
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Figure 15 


Positron image obtained 120 minutes after the 
intravenous administration of 6864-polyphosphate 
In) a. erabbate 


Focal plane: 4 inches 
Accumulated count: 30,000 counts 


Figure 16 


Positron image obtained 125 minutes after the 


intravenous administration of 68 


polyphosphate in a rabbit. 


Ga-gallium- 


Focal plane: 3.5 inches 
Accumulated count: 103,000 counts 


Figure 15 
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Figure 17 


Positron image obtained 125 minutes after the 
intravenous administration of 68¢4-gallium- 
polyphosphate in a rabbit. 


Focal plane: 3 inches 
Accumulated count: 103,000 counts 


Figure 18 


Positron image obtained 145 minutes after the 
intravenous administration of 68 
polyphosphate in a rabbit. 


Ga-gallium- 


Focal plane: 2.5 inches 
Accumulated count: 25,000 counts 


Figure 


18 
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obtained using a certain focal plane setting which may not 
have been the best plane of focus. In order to detect a. 
difference in the bone uptake characteristics of the two 
compounds it would be necessary to obtain additional images 
using various focal plane settings. Due to the low level 
of radioactivity injected (approximately 10 uCi) and the 


short half-life of the 8 


Ga, it was not possible to obtain 
repeat images using different focal plane settings. There- 
fore, a valid comparison between these two agents would be 
difficult based on these few images obtained from two 
rabbits. These results, however, do indicate that both 
complexes can produce useful bone images within a 2 - 2.5 


997 ¢-polyphosphate preparation 


hour period. A commercial 
currently used for bone imaging requires a delay of 3 - 4 
hours before an imaging procedure can be started (124). 

The large central "hot spot" as noted on most of 
the images was probably due to radioactivity in the bladder. 


86 a-polyphosphate and the ieee 


As previously noted, the 
gallium-polyphosphate were excreted by mice to the extent 
of 6% and 35% respectively after four hours. This latter 
value is somewhat comparable to that reported by Subramanian 


99M76_sTpp which was excreted to the extent of 45% 


(3) for 
following a three-hour distribution in the rabbit. In 
clinical practice, the radioactivity in the bladder could 
be minimized if the patient voided just prior to the 


scanning procedure. 
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Due to the short half-life of 6855 it was not 
possible to investigate the nature of any long-term effects 
which could have been produced by these polyphosphate 


67 ea which has 


complexes. Further work in this area using 
a 78 hour half-life may be useful. Recently, long-chained 
polyphosphates and other compounds such as the phosphonates 


have been investigated as 99m 


Tc complexes for use as bone 
Scanning agents (123,126). The possibility of forming such 
complexes with radioisotopes of gallium could be subjects 


for further investigation. 
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68 


The dissociation of Ga-EDTA was accomplished using 


68.23% 


8N HCl. Separation of Ga from the EDTA was 


achieved with a Dowex 1-X4 anion exchange resin. The 


686, recovered was in the form of 68 


GaCl, which was 
later used-in the preparation of 68¢a-polyphosphate, 


68¢a-gallium-polyphosphate and ©86a(0H) 3. 


The preparation of 68¢4-polyphosphate was based on 


the formation of a soluble complex using oe 


GaCl., in 

the presence of excess sodium tripolyphosphate. After 
the intravenous administration of this complex into 
mice, the major organs of uptake, 15 minutes after 

the injection, included the bone, blood, lung, G.I.T. 
and muscle. However, the concentration of radioactivity 
in the bone increased as the levels of radioactivity in 
the lungs and blood decreased. Six hours after 


administration the bone concentrated approximately 


50% of the injected radioactivity. 


The 68¢a-gallium-polyphosphate complex attained 
maximum uptake in the bone approximately one hour 
after the administration to mice. The concentration 
of radioactivity in the blood and lungs was approxi- 


68¢a-polyphosphate 


mately one-third that noted for 
after one hour. Bone-to-blood ratios for the two 


compounds indicated that the bone concentration of 
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the ©8¢a-gall ium-polyphosphate was almost four times 


greater than that of 68 Ga-polyphosphate. 


Rabbit tissue distribution studies using ee een ea titi 
polyphosphate yielded a bone-to-bone marrow ratto .oT 
20:1, indicating that the complex was primarily deposited 


in the bone mineral itself, rather than the bone marrow. 


The tissue distribution of °8¢a(0H), in mice showed 
that the liver, spleen and lungs were the major organs 
of uptake, with the liver accumulating approximately 
35% of the administered dose after four hours. 
Following the intravenous injection of °8ga (0H). into 


rabbits, the bone-to-bone marrow ratio was only 3:1. 


Sodium tripolyphosphate, at a dose of 200 mg per kg, 
when injected into mice, produced death in four out 
of five animals. However, lower doses of the sodium 
tripolyphosphate in combination with various concen- 
trations of carrier gallium appeared to be non-toxic. 
Examination of tissue slices from samples of lung, 
kidney, liver and bone (rib, humerus, femur) did not 


reveal any histopathological changes. 
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A comparison of the bone-to-muscle ratios of Oo rar 


polyphosphate and e8 


Ga-gallium-polyphosphate four hours 
after intravenous administration to mice indicated that 
addition of carrier gallium increased the bone-to- 
muscle ratio by a factor of approximately 7. A similar 
comparison of the bone-to-blood ratios of these two 
compounds indicated that the Se ca-uallium-polyphos phate 
Was cleared from the blood and deposited in the bone 


68 


more rapidly than the Ga-polyphosphate. 


Bone images of rabbits obtained on a Pho/Gamma Positron 


III Camera illustrated that the bone concentrated the 


68c4 radioactivity after the intravenous injection of 


68 68 


Ga-polyphosphate or Ga-gallium-polyphosphate. 
Useful images were obtained within two hours after the 


administration of the compounds. 


Based on the above summary of results, it was concluded 
that: 


a) of the three 68 


Ga radiopharmaceuticals investigated, 
the ©8¢a-gallium-polyphosphate complex demonstrated 
the highest level of accumulation in the bone of 
tesitmanimals ; 


b) the 68 


Ga-gallium-polyphosphate fulfils many of the 
desired characteristics of a useful bone scanning 


agent. 


2. 7 4) Oy) 2s Coen Bo) ees ee Roane, 
ort Lone 24) ) Se ene 


=g0°° %o. 2ottan steven a 


2ruor WwWOT sseiieetn ty st 


vettmre A. fatsmtnovags to cig: 
| owt seated Yo 2of ses bool d: ‘se é 
stsiqeortylog- mitise- sae? feo eae r 
ened oft mf bathzeqsb bie beotd edd moat irate zom 


Rial iia i 4 Ew nett tb tna -) a 
a é : , as iE 
if oh 


pera? pis Apa 


nowtt209 sams2\ort9 s 10. thdded to | 
ao. ie re ese 
add detent neonos sriod fhe ae vet snsauttt "oom It 


aN 


sit setts anyon ‘owe “FIDE Rat orao a. espaat tetera 
; e = ae ond a siete ¥ oo a | 


Oy vite = 
% iw 
is 


at 


REFERENCES 


144 


a CA ee Aas ede +e) 


hk eee 
ES kh ae ae 


se : mM nee 
ie Wee A 5) 

meri / uh e. ; 

seideal we a don al alia! 


3 { 
‘ 

of weit 

- r i 


sight as 


he » ite iy here me cai hee 
i ale: ue : wy ied til ‘ Moe 


peel : - F 
Le aa : d ree ; 


2 


see 


i > a : ) . a Ca ‘ ¥ | ) 
eh) se Oe me Le e 
Pt : : ie ee 4 a i i 


< t 
ee ow), ne file } a : ey & ‘\g% Ps =~ Wad 5 
Tie ae Ri ANE Potente Cog 
4 : 
ni ote " 
5 F : i. j 
' =f 
. i Ly 
ma Wy has ef “at a =. 
= ine . 
ms i y ot 
“e 
Ls ’ i 
~ - a 
s so 
cae) ihe 


14. 


Let 


McAfee, J.G. and Subramanian, G., "Radiopharma- 
Ceutecals in “Clinical Scintillation Scanning”, 
L.M. Freeman and P.M. Johnson, Eds., Harper and 
Row, New York, 1969, pp. 50-95. 


Yano, Y., "Preparation and Control of ote 
Radiopharmaceuticals" in "Radiopharmaceuticals 
from Generator-Produced Radionuclides", panel 
proceedings series, [AEA-PL-392/9, Vienna, 1971, 
Ppeetrr= 125: 


Subramanian, G. and McAfee, J.G. Radiology, 99, 
192 (1971). 


Gleason G2 ta. Int. . Appl. Radiat. Lsot.. 06. 
95°" (58916.0:). 


Green, M.W. and Tucker, W.D., Int. J. Appl. 
Radiat 4 sorts...) 192 9 6:7 1 SET). 


Vanes Yocand Angee sh oO J. Nucl Med... 05. 
485 (1964). 


‘Lhe Chemistry ort Galitium'.,. LA. Sheka, 1 cSs Chaus 
and T.T. Mityureva, Eds., Elsevier Publishing 
Company, Amsterdam, 1966. 


Lewis, J.E., "The Radiochemistry of Aluminum and 
Gallium", Aluminum Company of America, 1970. 


Strominger, D. and Hollander, J.M., "Table of 
Isotopes?) Rev" Mod.) Physe30"C2ysn5eo (Tbs): 


Weast, R.C., “Handbook of Chemistry and Physics", 
53rd Edition, Chemical Rubber Co., Cleveland, 
Toye out pee. 


Dudley, H.C., J. Pharmacol. Exp. Ther., 95, 482 
(1949). 


Dudtey, HojC. and Maddox. -G.r.. 7. Pharmacol. Exp. 
Ther., "96; 1224 (1949). 


Dudley. H.C. Munn so lend henry. Shon. 20). Pharmac. 
Pan 


&, “HOS'°C1950))°. 


—— 


Exp. The 


Cr ecinities GW Fand ls tock. dis. 
55 S77 (F950). 


Dudley, H. 
Radiology, 


Malry, W.G. “and Dudley, H.C chal = Olin. sMed:. 2 37. 
676 (1951). 


145 


eat 


-smusiqotbsa" ea 
«"patansod notish 


bane yequeh ..2ba et 4 bas de 
on: ¢ 


$3 ay 

6a°° %o forsned bas ngtiayeg 

21 sot sueosmsdqotbsl” hy ts usoamishgot: 
fensq .esbt fouao thet q~yots19ned 

iver sant rE \S0E~ 


ay. 
ext" 


oak a as a iii Pe shat oe | ‘ y 
as tao b a) hia 7900 ene 4 ' 


. 2ue6dd 12.8 yindote Re gree 
gmt dat Tas i rare 


wits incidtaisiell to 
| ree: -sottn 


“(a8et) 288: 145) iat ue ne 


¢ "25fevet Bas ie a 
-bas towel: 2699 imate 


2.8 .tee3W | 
atin’ ee 


1 


Wed -Toammredd hy. 28 mob 2 te ies 9 a Ole 

sa ‘— *: i fe 
Hoxemrsd® 4, KH aera | 3:0 cgefboo. en. 8 
banal on Eran eo ted «qx esi: 


Teh tl what “Ml. fh sH awerbua ar 
: me H. act) RE ae heal otbeA 


aa +4419 464 9.9.4 sofbud baw 2.0 wiTuM in 
py MAE 48d ah ‘Ciaet) ata. 


sen i. lyead a Toosiresdt G03. H een) 


i i e aA "cs 
ow ; ¥ 7 7 1 . a - : : 4 av 
, Wa we i. ) a Dy ae . ee meee Pa - 
foe | Le le ME : 7 ee Ne ae 
ea See is '. ‘ Je ager ghee aN ie a ey 


146 


Langp°FURi, Ann. InternoeMed. ,935,.12371 (1951) 


BEMWe hs Dane Perk HS Mis cOs. leg Ue» SKIING, ER as 
Andrews, G.A., Nash, J.B. and Brucer, M., 
Radtology3,61335559(1953). 

Dudley, H.C. and Levine, M.D., J. Pharmacol. Exp. 
Ther. ,° 955. 487° (1949). 

Dudley, H.C., Henry, K.E. and Lin 
J. Pharmacol. Exp. Ther., 98, 409 


Drunercnh.Day Hayes ,:Relitand Perkinsing ItDeyedr., 
Radiolegyti61, 602. (1963)<¢ 
R. 
H. 


Mason, M.W., Messinge 1bs. amd 


Kings bake; Ca) ais 
C., Radiology, 59, 844 (1952). 


Dudley, 


Konikowski, T., Glenn, H.J. and Haynie, T.P., 
J. Nucl. Med., 14, 164 (1973). 


Anger, H.0O. and Gottschalk, A., J. Nucl. Med., 
4, 326 (1963). 


Dudley, H.C., Maddox, G.E. and LaRue, H.C., 
J. Pharmacol. Exp. Ther., 96, 135 (1948). 


Munn, J.I., Walters, N.H. and Dudley, H.C., 
Lab. Clin. Med., 37, 676 (1951). 


Foreman, H., "The Pharmacology of Some Useful 
Chelating Agents" in "Metal Binding in Medicine", 
Mud. “Serens £de, UJ eb. derppincotet and Co... 
Philadelphia, 1960, pp. 82-88. 


Edqwards4U€.L. and Hayes, Rib... JAMA.» 2h2, 
LV82 (C1970). 


Duddeyt.HeGe snadeGarzoligaRafegyJ.1lAm. Chemt-)Soc;, 
70,8942 (1948). 


Perkinsin,vJ.Ds, Ure... altiddIngols,OR&S\,2Radiology, 
Gly 545 01953). 


Bruner, H.D., Cooper, B.M.. and Rehbock.s Dida, 
Radiology, 61, 550 (1953). 

Andrews, G.A. and Root, S.W., Radiology, 61, 
Bro a( 1903.) 

Colombetti, L.G., Goodwin, D.A. and Togami, E., 
J. Nucl. Med., 11, 704 (1970). 


otf 


“a 2 
xs. me im 


a ; - . i <i pha. ; 
Las ,¥ , “3 a ., y ea spe ide p 
ae Lay ae oy Lahti? 


" ‘OES A 
ey Puen rye fy i 4 a a 
-(T2GT) TEST BE 2 ha tata 
ALD RATA ou a ant nt 

oat Noa YM - 
‘qx’. reisuncinll aan Y ant y 
7.8 et bas FN yim 
4b aD. & (nPeetiyed bas i. eked 
ntreeom.. ol bay 

“(Saeh) Ba e. 
9,7 of ayal — 


sis 2 ALM AGE na ok 


7 veut na, alee? 
, 902 ode ae ld Jirosiad teal .a state 


xpoFerbe e« a tai bn a ig a ei gehRT les” Y vais 


en oe 1s8d0onhte ta i att 08 | oi 
13 {ypotorben Se # cual bas “eset ae : 


eh 


: ry ¢ «eb ¢ i i . 
ett He ab chaitiaa et 


a3. 


34. 


So 


36. 


Sd. 


So. 
ao 


40. 


4l. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


Colombetti, L.G. and Goodwin, D.A., J. Nucl. Med. 


10, 328 (1969). 


Hartman, R.E. and Hayes, R.L., J. Pharmacol. Exp. 
Wen... 16G.c09s (1969). 


Gundsekera,“S-We, King, C.d. Lavender, P.J., 
Clin aWChims Acta, 39, 401 LOZ 2). 


Hayes, R.L.5 Radioisotopes of GalTium” in 
“Radioactive Pharmaceuticals", A.A. Gould, 

R.M. Kniseley and H.N. Wagner, Eds., Medical 
Division, Oak Ridge Institute of Nuclear Studies, 
Conf. 65-1111, U.S. Atomic Energy Commission, 
1966, pp. 603-618. 


HOLE, Ue. and Beaver, Jeb. 5 aint. J. App). 
Radrat. hsot.. °2hs p75 61940). 


Yagi, M. and Kondo, K., Chem. Lett., 215 (1972). 


SULVeES tere D.Wa sane NaklYaw. bas Uta. sADD 1. 
Radiat.  ESOta, oc eo30 . (1970) ¢ 


Neirinckx, R.D. and Van der Merwe, M.Jd. 
Radiochem. Radioanal. Lett., 7, 31 (1971). 


Hayes, RAs) CAN Veolms ausk..and BPYrd, Bela, 
J, Nuch. Meds. .6, 605 ,( 1965). 


Pawards, c. LL. aNd) haves, RvL., o NUCI. Med. ; 


10, 103 (1969). 


Hayes, R.L., Nelson, B., Swartzendrubec, D.C., 
Cariton, JE. and Byrd. 6B... Scrence,. 167 
289 (1970). 


FEOn. Ys Oey alla Seto Kia Takalashiivahr 


Sato... sand Kamo,, shes Radiology. -s00,,, 357 (1971). 


HAVES s Kelas IOYT Gg Dees TOA CON, owe. alta 
Rafter, .Jsd.. J. Nucl. Med... ellis 326 (197.0). 


Ando, A. and Hisado, K., Radfo1sotopes, 9, oo t1970)5 


ae 


Turner, DA, , Pinsky. S«M.. Gottseha ik, At, 
HOTFer, P.bas Ultmand, o.e. ald narper o. P..V as 
Radiology, 103, 97 (1972). 


Winches H. 5.5. sanchez, Fob... Nacanape, Cunkes 


Hollander, t.. Anger, HH. 0., McRae. Wea) hayesso ReL. 
0 


ana Edwards, C.L.v-d. Nticl, Meds, 15) 459" (1970). 


> 


‘3 2 a a ee 
val | ey eee 
* - 1 a = 


. bolt fou # ee. a sath 9 bas: Y : 2adnot re 
“int ware 


.qxd .foosmiedd .6 nate ce aba be Bk at ies 
Leern”. / 
salad _ebnevel re aa ye aan ' i 


nd “age ae Yo 28 yotorban we: oP 
bTyo® LALA "2h anisusont 

i gotbet ,-2b3 .vSonpek. M.A 

~zotbuse veatouw to susan ag x i tree avid 

enotaztmmo2 19%] ofmozvA ic. - , 

™ éfacena aq 8901 


7 a bne AH. | ttuH NG ie 
ed «foal Patras, a 


(SVEP). GPS: x i993 mea al sobnod bas. stent Bf a 


"has ab ada). ong <b. d .1ede gayi re ate a 
Pie ae AOKET) efo2T .tetbsA | 


0.8 ..xdoata ton wn 
‘Teede thes i 


ho on i a 3 BS 
egy dyM gtoyal: 20807 
{ea ef) ety ee Fuh .G a 
ie faut sb antieenm Sah rh 
aa. 


fqQa~ wat oun 


a. ial 1st at ehe2 e 2 Pes T. 
Ob) tae, veatolbet arial 


3,0. .ootf169 ..4, a, bY a. ar a «anual ae any 
(9ter} ase rie Faw a ian 9st 68 ae 


(ore) ef Bt. seagosozFonban am peat te eae 


pee it ae CS 


ml | C14 reaah bas 5 al | 
5 ia * us oa a ‘ 
| _ 4 otal a ee 
4 wae. 
bes alfa ee ae 
: va i . sig? we 


49. 


50. 


oy Es 


Oc! 


oS. 


54. 


OD). 


56. 


57. 


58. 


29), 


60. 


oi. 


bg. 


63. 


Symmonds, R. and Tauxe, W.N., Am. J. Obstet. 
Gynecol., 114, 356 (1972). 


CarsengnS Me, Gkarfysk,SP,ETretueksstathesgyZager, ,R.F., 
Henderson, E.A..and Johnston, G.S., J. Am. Med. Assoc., 


222, 32 por). 


Lavender, J.P., Lowe, J., Barker, J. 
anddChaudhra,JM.Aes BrdaedsuRadiol., 


Brenela be and Hansen, HW.H.3 Br. ‘.. Radiol ., 45, 
1829(1972). 


HigasisrT.i, Nakayama, Y.,:Musato,; A.3 Nakamura, K., 
Sugiyama, M., Kawaguchi, T. and Suzuki, S., J. Nucl 
Med. 5 ts. 196 CE972). 


Van dey Scnout usb... Radiol. (Ciinw Brol., 41; 
74661972). 


Langhammer; H.5°Glaubitt, G., Grebe, S.F.., 
Hampes,JBFY¥,,HauboldgrUscitoOes GF, NKabdsrAts 
Koeppe, P., Koppenhagen, J., Roedler, H.D. and 

pen @deraStoouts dcbus Je Nucl Med), 13, 25 (1972). 
van der Schout, J.B., Groen, A.S. and DeJong, J., 
Thotax 50275 05436(1972). 


Mash; A.G., Dance. DeR., McCready, Vor, and 
Griffiths, 3.0., BuetMedayd., 26, 508 (1972), 


Suzuki, T.%.Honjo,) le, .HamamotoOgmKvyakousakagnt. 
andalordizukad.K.RhAm. dey Roentgenoties 1133792 
C3971797 


Lomas,g.Fr, eet P. and aa HN. NecEngts 
4 6 


Vaidya, S.G., Chaudhri 


M.A., Morrison, R. and 
Whatt.1D.g i Lancet, 2% is 


911 (1970). 
MeKusick,. KTA.,JSotng1).Se¢,.GhiladiwoA. and 
Wagner, H.N., J. Am. Med. Assoc., 223, 688 197s 1. 


Blaing?D.Cé.LCagroliweMt, Garr, EvAlwodtes aad 
Beketysge.R., J. Nucl. Med. ,°14, 99 (1973). 


Bell, G., O'Mara, R.E., Henry, C.A., Subramanian, G., 
MeAfeescdiGes andrBrownsiba€s>. JG .NuciagMeds, I2, 
838. (1974191 


on SSO ES ate cee Sn 
abt Se : re a 


ys 
Pye tb 
ah 
: . 
* 
iF ~ 
oe ee 
- ey 
ite 
Pas 


dened’ at'iaa CNW Fer 


* 


TR orspes pA renter? ) eae 
022A. bem ma iia ee 


+o9ne8 ee 


otbea . Ce Mh 


bh 
(ROL) 1Be re . “ 


BB. 


i i a We 7 » + ae ‘ x r ; 
J .sutetet 5A ,ooeeum | Bis meysren ..T 
fae 1.0 ..@ ,tayse?d Bis T emetet) & 


bas eH “a 
aster) es Pa ae oun 


4 -) aba © a. Y. 
i (3xer) S08. 


me <suseua ee | oF ome a 


7h na . Ms HW a | 
‘ } i neta ty ‘ait | 


, vb Pi he 4 by ) f f 
| no 2 otha 5 ae es ¥ 


. ; a a 7 a _ Ae - : a 
ee | f* He: rad : : i ears 


vie: he a ee ag iy 
ese 883 .£33 «.d982A bait 1A We - 
bis 1h A 8 ne o7" ey 

fe : {eve . Rea. ix 
ry a Loginomssiue. Aca erally 
; i. beac en BOM Pet. ab) ; 
di ae: yy, L hey, As ate < | ; Ne 4 a a wy a "es 
a Ws A : 
ae a> Mee Pl 7 


64. 


Gos 


66. 
GZ. 


68. 
69. 


Ao. 
ie 


ate 


Va oe 


74. 


kS 


LG. 


ce 


Ag. 


io. 


80. 


149 


Moos hobGwU ORAS ECON, Geos 


LaCSONsmontls ban nhicers 
S 2068 CEST 3): 


- 
J *NUCTS Medw, 14: 
Crasemann, B., Rehfuss,;, D.E. and Easterday, H.T., 
PHYS: REVTs  nOls 1344-1956). 


—_ 


HoGens aD. dune envio. Rev. ¢ Tloy ore (1959) 
Henderson, W.d. and Ridenour, L.N., Phys. Rev., 
bye peeve F 


NdGhs Wee-smanys., ReV., Dc, 405 (1937). 


Ridenour, L.N. and Henderson, W.J., Phys. Rev., 
nCymooe (hoa); 


Buck. J Hos PhvoauRev.., 545, 10252 (1938): 


Mukerji, A. and Preisweck, P., Hel. Phys. Acta, 
Gocco -widoc.. 


Wagneps Ne Geed:. ePrinciples of Nuclear Medicine’, 
W.B. Saunders Company, Philadelphia, 1968, 
pp. 101-104. 


Wang,,C.H? and Willis, DL.;,"*Radtotracer* Méthodology 
in Biological Science", Prentice-Hall Inc., New 
versey, I9605, Pp. l21<23. 


RamasWandsalchos WUC. APNYySy. dO, 200° 11909). 


Carter, H.K., Hamilton, J.H., Ramayya, A.V. and 
Prnajtane J?d/, Pliys. Revs (2nd Series); 2174, 
1329 (1968). 


Vauebn.. ik. aoher, Ale cand Pate, B.Do, Nucik Phys... 
A132, 561 (1969). 


Siot, W.E., Dulfer, G.H.., vander Moten,.,4. and 
Vernheul, Het tNuct, Pays: ,tAlse, 28 (1972): 


DF Liktan gel ole Uo cNUCl sed. 11. Supp oes. 
Pamph, 6 (19 ‘ 


Brownell, G.L. and Sweet, W.H., Nucleonics, ll, 
ROUT ISS 


Richards, P., "Radionuclidic Milking Systems" in 
"Radioactive Pharmaceuticals", G.A. Andrews, - 

R.M. Kniseley and H.N. Wagner, Eds., U.S. Atomic 
Energy Commission, Conf. 65-1111, 1966, pp. 155-163. 


« 2.2  wotannot base . 
Suen 
Th sbi ateea bas. 4, 


hee 


ng may wi 1 a ie 


“(ve@E) 208 82 ge aut aw ng 6h 
.wait ta ¢ obs ial «Noe ‘ ; 


(gear) “eso AB 
SOA .2ytt TH Nes sfencien 


“gmvha ren S08 a 


veo! obedaat veosutotbast ‘quai i a 
wo . ond ae | 


_ 
| 


ed .H enstolt cgieae aap 
. (SNCT) aS si i wl fale 


eal aque tip . al fou: < “(0% si} 3 mt ~~ 

a 2ohnostoul stm gee one -e | Jak 

te Vemecaee anrat Ht thea" (09 .2baedtota .08 
+ = : aynedh aU Bes be 5 . ean at Pon ey 
€O-ERh <ha8i ie “sfned: noes ena yerend wer 4 


aah, Na a | ab Fee 


he = My oe * ‘ei oP ee oe . ioe abe [ere 
7 ae ee” , aera) (ne our eee re ft = 


81. 


Bes 


83. 


84. 


65. 


86. 


Sf. 


88. 


89. 


90. 


Dies 


92. 


93. 


94. 


bottschalk.,,Ans MeCormack,«K.RwsaAdams soud.En.n and 
Anger, H.0., Radiology, 84, 502.(1965), 


Schdaekr, Lwk.s Anger, H:0. and Gottschalk, A., 
J. Am. Med. Assoc., 198, 139 (1966). 


LaWdrdS nce .eaVveSs, kK. wan apanumadassvnna0. Nucl. 
Med. , ¢apso3s (1966). 


Edwards, C.L., Ahumada, J. and Hayes, R.L., 
"Skeletal Scanning with Gallium-68 Citrate", Oak 
Ridge Associated Universities Report, ORAU-101, 
1966, pp. 100-102. 


Haves shel os Gat cton,«0 .ba.-ahdn Ranhcers code, 
J..Nuch...Med.g 1,68385.(1966). 


HAVES a RekaseCARMLONs Velbon Roce r anal yu. Mand 

Byrd, Boles) nyadrous Ferric Uxide Colloid Labeled 
with Gallium-68", Oak Ridge Associated Universities 
Report, ORAU-101, 1966, pp. 78-81. 


PMGML TER ig iewy che Ue ADD ls Radiat?’ sot... 


19, 421 (1968). 


Agnghileni sled. and Pupie;.Ba, Int.cJ.,Appl. 
Radwat.« Isot., 18, 434 (1 964). 


Barrall,¢R.Cws.Chakalians V¥.M.s Colombefti, LG. 
and Finstony ReAssainte J, App!.qkadiats\Isot., 
) 


22 PE VAONT TI] 1 


Weber, Bia oe G 


reenbergsy.f.U.3aDimieh; Acs \Kenny, P.d. 
ROtNSsenl id, 3b..0. 


e 
, an W.PTEy and Laughlin, J.S., 

od sNUGT. as 5710, 48n(1969): 

Car items tcc. -ana@sHayes a Rab. s INE ads ADP. 

Radiatern< Sota, 22ee0hn( 1941) 


Papham, .M.G..,4Ta 


ylore<DeW. andclIrotét, NAG. 3 
Bun Jagkegdiol., 43, 


807 (1970). 


Ohashi, S., "Condensed Phosphates Containing other 
Oxo Acid Anions" in "Topics in Phosphorus Chemistry" 
Vol. “15°88 Grayson cand “6. sGriffith) eds es inter- 
science Publishers, New York, 1964, pp. 189-239. 


Gorbridge, D.&.C.,4"hhe:StructuralwChemistny of 
Phosphorus Compounds" in "Topics in Phosphorus 

Chemistry’ 5 vol Oo Me Grayson’ and £2 Griffritn, eds. 
Interscience Publishers, New York, 1966, pp. 57-363. 


oe 


b f sbA , ae 
" ze oy ae 


So A 


tout .t .. bo .ebeaudaé pa 


ceteW te 


4160 teaex3i9 


* 


bis .0.6 i9dt8A « 


belsdeJ biolfod.e t > 
2ard ferav ent: eee 
4g TB-8¥ 


‘eet Te b eR, aidan in ee 


bl ND 


Ae, ee 
A aK tort tt “pr ‘a 4s i 
¢* es 


_ wanes eereenpee” | 


ee: tn ; Fhe nat wi set on OT 


GO 


96. 


Van Wazer, J.R., "Phosphoric Acids and Phosphates" — 

in "Encyclopedia of Chemical Technology", 2nd edition, 
Vol. 15, Interscience Publishers, New York, 1968, 

DP« 2scer7cho, 


Van Wazer, J.R., “Phosphorus and its Compounds", 
Vol. I- Chemistry", Interscience Publishers, New 
TOCK, Ios. 


Kawabe, M., Ohashi, 0. and Yamaguchi, I., Bull. Chem. 
SOCs ap. » 43453705 4(1970). 


VansWazer, J.R.,and Galliss#,CG.Fa, Chem. »Revss 583 
1017 (1958). 


Van Wazer, J.R., "Phosphorus and its Compounds, 
Vol. II, Technology, Biological Functions and 
Applications", Interscience Publishers, New York, 
1961. ; 


Friedell, H,L. and Storaasli, J.P., Am. J. Roentgenol., 
64 5-559" (1950). 


Marshak, A., Science, 92, 460 (1940). 


Maxfield, 


dene, vies Mmaxtiteld,. 0.G-o.. ane 
MaxTield:.. W.S.. 


Samed. Js, 51, 0220)(1958). 


Kaplan,.£., Miree, 0. , mirsns&. and Pretds, 7... 
Ent ucthanhDbl- cRadhaGeslsot. » 55994411959). 


heliSe ,l.G., Kaplan, E., Greco 
] 
? 


ds and Veavcirs ek... 
Proc. soc. Exp. BroOl. ened. ; 


60, 53 (1959). 


Kaplan, &aaw@lSiol. Gs KOGIOWSKL, 
and "Walsh, W.Seeod. Nucl. Med., I, 
Anghi keri. ols). . phnzyme. 125470 .C9 41). 


Angntrerd, c.d.mand Miter, Csoss Enzyme lz 5 
449 (1971). 


L.d.5 litt. Appa sRadtat. tSot. o4s 


Rag thamiae das Gear hSOlsin 62s 1s 1.1) iy 
vis ulead: abet bhetwcksS oe Nucl Med. e(Stutty) 
(1972). 

Angin tering. | eet (RES sce beurre). 


Anghile 
EL, &) 


ret 


"eet sdqeod4 erry, MS. on 
notetbs bas ."ypefontasT- ra : 
oeef ary wal <ersnetid 


ve 4 h VA 


. zhavoanod 241 bis 200: 
wo evatet fdw4 sanetaey 


mond The a «tAoupaempeyY 6 


(OVE): GOVE ER «96h 302 / 
88 ..VoA .motd ..4.9 .2thts? bas AU etonsit | -6e 


zbawogmod 2tF bine 2uTo tg 26 
une erotsonu? [satgok 
eAtOY won sien kd htc Nok 


.. fonsesirsen Me 8 pe Mell Haat ~ echt iT 2 4 


“cone aa 2 omit ‘nae on 


' “bE Sha pot p> 
(BERFY OSE Py, i 


pat’ 2b THe 5 2 Wet oY 
oan tog v be. od, nei qed -t ee A 
| setae: ares bike cal ae 
eb .99948. . 6M. 4 ta  . Mite ena ae weqah L@0t sju me 
ait ¢ spo iM Poult ate ee a fat sw tie aT: 7 ; V' 
iy (fker) ot ar ar eS ¥ etretti _ seOR ara 
ae asia a | erOtT tM Bre UT “a tzettae A NOT Rage 
er boat ‘ferben’ tga’ w sat wba ating .Bor. 
= i aoe eV flip 


aC rser) PELs Sy ateat eson Syed tre ttiionh or 


panes <bott foul eee ioneee tne: v cy eet ofr, 
ae asten a) SS en eure oi Atsottnena an! fi 


i 9 P ny = Hi e. 
iy Spe dia Ein 
- ~ 7 


120. 
T2)-. 


Weer. 
NZS" 


124. 


25.3 


120: 


Pars. 


120: 


Anghiier ikaledaecand) Mil Vers EnSeme dey Nucd. Biods 
Medien 154942, (1971). 


Goddsmi ths R. SthandadnolaranS.HingN. Engl. J. Med., 
27 dscdh {el 9 66x) 


u 
Hebert, L’.A., Lemann, J., Jr., Peterson, J.R. and 
tennons" £.gad wdi Clin, Unvests, Adérd 886n (1:96.65 


Bisenberg, E.; N. Engl. J. Med., 282, 889 (1970). 
Stamp. i. Cand Cidnch Scdta, 40., 552d997 Wy 

Schlonsky, d:, Ohio State Med. J., 68, 128 (1972). 
Charkes, N.D. and Sklaroff, D.M., "The Osseous System" 
iW Clinical Scintiliation Scanning =,.l.W: Freeman 

and P.M. Johnson, Eds., Harper and Row, New York, 
196955 ppsw3 26-383. 

Bauer, G.C.H.MedfeBone, Joints Surgsae50Asn J 68], (1968). 


DeWardo, G.L., Clin. Med., 75, 22 (1968). 


Knisely, R.M., Andrews, G.A., Edwards, C.L. and 
Hayes. *"RLL.. Radtot.G! ins North... Am... V1l1l, 265 
(1969). : 


Myers, W.G., J. Nucl. Med., 1, 124 (1960). 


Subramanian. Gas Mehkee, d2G:. Bell. E2G.,. Blair, Rodis 
O'Mara. R.E. and Ratston,/ Pos.) Radtonogy, 102, 701 
(197-2). 


"Technetium-99M Stannous Polyphosphate Skeletal 
Imaging Agent", New England Nuclear Corp. product 
information, 1972. 


Dewanjee, M.K., Fletcher, J.W. and Davis, M.A., 
J. Nucle- Med...) U3, 4¢7 (197 2)).2 


Castronovo,. F.P.2 wre, and Callahan; Rudin J. Nucl. 
Med, . slay i623 (1972). 


Subramanian, G., McAfee, 
Mehter, A..and Connor, T. 
947 (1972). 


J. Gia BVatra Rawtes 
swe Nuch. Meds, 136 


Fraschka, HiA., “EDTA Titrations”, Pergamon Press: 
New York, 1959, pp. 61-62. 


ser 


bn ae enetage os oy ee 
(oder) 888f ,2b y. seevnt m 


ae a2 , 08 » SSkeanoaeN 0 ‘ae 
.(Ster) BST 88 ..0 . bom atsr2 oFd0- ha atone 8 
“"metexe eose20 sat” , Ma thi Ae #2. ; q | 


nemese? ow. .enkangoe 
eA10Y won WR DME “8 


.(BaeT) gat AOE. erz ante sees 4 auth 9 raued, sit 4 
a) een s$ a Sibi s-it cobs 0st 


- Bate: sk 3 «abe ae 
ees aay td oi 


“.oaet) Ast Be hen were nee 


bo ca heee lea ae. b eotaem y. 2 .nstnemerdie 
fot <SOt a bial tn Ae oeseteh i ia Efe | 


ol ae 


a ace et 
tad Saseh 8 


eh. N vet bits + a <voltgt et’: gee B9t swo0 
f SRR " X38 at - At at 


‘aa ae “anes 189 bos .. 1h 44 patent | 


ce 
Ane e 


teal ae dia 
aad hada Es 


Os 
Ri pe ASSO 888 48, pag a 

ag SA alii z a La 7 
fi, .bal 15) | 


eta 


a (ee GR CORY naitepto%. ihe 


a ee ae 
esa bid 
=) ' Tt 


29). 


130. 


SRE 


134. 


135. 


"British Pharmacopeia", The Pharmaceutical Press, 
London, 1968, pp. 1197 ana 1200. 


Poonta., N.S..5, Bhagwat, V. and =sangh,. S., 
Nikrocham. Acta, 15°36 (1972): 


"Scintillation Spectrometry Gamma-Ray Spectrum 
Catalog", 2nd Edition, Phillips Petroleum Company, 
Atomic Energy Division, U.S. Atomic Energy Commission, 
1964. 


Sattos he cana, ESuChi Moto, M., Inorg. Nucl. Chem.-; 
CART ERG N13) 


Brady, fs and GWitt, JR. J. App). Chem. , (12, 
79 (1962). 


Nelson, B., Hayes, R.L., EdwardsywG@eieekKknisetteyqekR:. M.. 
and Andrews, GoA., J. Nucl. Med, 13, 92 (1972). 
Stern, H.S., McAfee, J.G., and Subramanian, G., 

J. Nucl. Med. . 75.1665 (1966), 


eat ai 


> ae pl 


ne 


; 


2214 fsatsusosereda ., 
se ' 


12 tent: *tateil ent 22H webagod +O 
‘ mrasovath 

is Mies oan 4 
muttoege ihenieeaa)s ond: 2 aot | f . 


asomod malorted 2qntrent « 
.-hehez tmnod Dadian arc 2.8 


mend. . Taw ror ee seams foe 


i ee 


= if <<mana » Taga t dane hs att as 


— 


MA ayotserav gg eae 
(S$het) 8 ys oe 


cae : ot nemmantil 


ra: ere oink uw a cinta 


a ‘ee ay = id aie ee en chant ; a fmh 


f 
ut) Bae kee. Fi 
a cum aa) an Gee : ’ a 7 vi a ae rs, 
) 7 i Lae ; / Laer) 


cee We eee ee ed: 


: o pe GVvs 
& ; i i 
a Ar ere a ee a ed 
rh A U ‘ ie y cs i pet oye 
nis ress + ase . Ce eae bif9 ody” 
yf av my f a J yi ; ’ . 
- 7 
Fu 2, Pee. 
’ =m | i ‘. 
j ‘ Ld rn 7 { 4 
rT Z 
ie Brat es 2 : Bt ; : if 
! SS i j rig -s | 
a ( tel, | ha 7 7 
 % : » i ° 7 mM = ah = abtes 7 ‘s ra : : ' i 


Caw 


1.88 


t; 078 


APPENDIX 


Decay Scheme of 


68 
30 


STABLE Zn 


1 


68 


Ga (78) 


154 


a ae a yard eA 
“7 " gn pes heal goks tut: 
mM, ae fy | mis os Ceeaenehs jr 


‘ 
i 
oe 
‘ha 
~~ 
=. 

+ 

; | gf. 
/ 
in eee 


APPENDIX 2 
STATISTICAL EQUATIONS 
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EQUATION 1] 


Equation 1] and Computer Program A were used for 


68 


calculating the level of Ge contamination in the 


68 68 


Ge-  ~Ga generator eluate. 


where: A = Counts per minute due to the parent 


radioactivity at time of elution; 


68 


B = Counts per minute arising from Ga 


at the time of elution; 


a = Standard deviation of the parent 


count rate; 


68 


b = Standard deviation of the Ga count 


rate. 
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EQUATION 2 


The net count rate for each of the four samples 


of fraction B was calculated using Equation 2. 


><| 
" 


where: Mean sample count rate; 


-<| 
i" 


Mean background count rate; 


Q 
~< 
i 


Standard deviation of mean sample 


count rate; 


Q 
~< 
i 


Standard deviation of mean background 


count rate; 


wre 
iT) 


Total number of repetitions. 
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EQUATION 3 


After the net count rate for each of the four 
samples of fraction B was calculated, the average net 


count rate of the four samples was determined using 


Equation 3. 
Des 
v - vy \2 
Ty (XI + (0X)? + (a4)? + (GX) 
ZX, 
where: hae ge Average net count rate; 
(oietar le = Standard deviation of the mean 
net count rate of each sample; 
N = Number of samples. 
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COMPUTER PROGRAMS 
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COMPUTER PROGRAM A 


Computer Program A in conjunction with Equation 1] 


was used for calculating the level of eS ceecontamination 


68 68 


in the Ge- “Ga generator eluate. The data, as plotted 


in Figure 4, was obtained using Program A. 


*C-FOCAL,69CE 
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SOLcO} cE 

*01.10 A !!"DAUGHTER HALF LIFE",KB 

*01.20 S KB=FLOG(2)/KB 

*01.30 A !"DELAY BETWEEN PAIRS OF COUNTS “D 

POleao Ay! QPLOT, FUNCTION FOR TIME "LL," TO°"LU," IN STEPS OF"LI 
BOT.44 7 11% TIME COUNTS" 

$01.50 G 9p] 

* 


*03.10 S LA=SG*SA-SD*SC;S LB=SB*SD-SC*SG; 
*03.20 S LC=SB*SA-SC'@;S LD=SB*SH-SG'2 

*03.30 S SY=FSQT((LC*LD-LB'2)/(LC*SB*(N-2))) 
*03.40 S SP=SY/(FSQT(LC/SB) ) 

¥03.50 S SQ=SY*(FSQT(1/SB+(SB*(SC/SB-TS)'2/LC)) 
*03.60 T !! "PATENT ‘bs LAL. & +OR- ",SQ 
e03.65 T J"DAUGHTER." .LB/LC%" ZOR=" ",5P,1. 
403.70 F I=LL,LI,tUSD 5 

$03.80 F. 14139 


F05S.10 $ TS=FEXP(=I*KB) 3S Y=LA/LC+LB*TS/LC3D 3.5 
*05.20 ri !"TIME cae COUNTS aN git +0R- © 590 
* 


*08.10 S X=FEXP(-KB*T) | 

*08.30 S SA=SA+W*X'2;S SB=SB+W;S SC=SC+W*X; 

*08.40 S SD=SD+W*X*Y;S SG=SG+W*Y;S SH=SH+W*Y'2;S N=N+1; 
* 


*09.10 P5A SN3P3I (SN)3.13;P3A SN,Y,MA3;P3S MA=MA/100 

*095 200 In (MA) 9s 15 9ndGS T=MT-FLOG((1-FEXP(-KB*MA) )/KB*MA)/KB 
*09.25 PsA SN,SN,B,MB;P;S MB=MB/100; 

*09.26 S W=1/(Y/MA'2+B/MB'2); S Y=Y/MA-B/MB; 

*09.30 S MT=MT+MA+MB+D;T !%7.02,T,' Poesia De 856 9.1 


DAUGHTER HALF LIFE: 68.3 Min 
DELAY BETWEEN PAIRS OF COUNTS: 3.4 Min 
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COMPUTER PROGRAM B 


The following program was utilized for calculating 
the cumulative radioactivity in each portion of the S85. -58G, 
generator eluate contained in a series of tubes (Table IX). 
The volume of eluate collected in each tube was estimated 
from the weight of the eluate and converted to volume, 


assuming a density of 1.0. 


*C-FOCAL ,69CE 
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SQTLOTIE 
O05 10 T LAST IME EN MLNUTES MASS IN GRAMS 
VOLUME IN MLS";X 


*01.20 A !!"NO OF SAMPLES"N," COLLECTION TIME"T 
*01.30 A !"VOLUME COUNTED"D,"  % COUNTING EFFICIENCY"H,!! 
*01.35 F I=1,N3;D 3 

*01.40 T !!"SAMPLE SAMPLE TOTAL SPECIFIC TOTAL" 
*01.50 T !"NUMBER TIME VOLUME VOLUME ACTIVITY ACTIVITY" 
*01.60 F I=1,N;S P=P+V(1)3S Q=Q+V(I)*A(I)3D 2 

*01.70 T IbIl;X30 

* 

*02.10 B PRELAY2 TH, # SMAEOD Oe TSeUTIONVIT)," . %,P 
#02.20 Kt "@BSOGYARI ICY *BARKG 

* 

SOSFIOITE! ZA, RIES * 

*03.20 A "EMPTY (°X," FULE! "YS" TCPM:"C," "DELAY 2TIMES "By" 
OK?"Z | 

*03.30 I (Z)3.13S V(I)#¥2X; 

*03.40 S A(1)=100*C*FEXP(B*FLOG(2)/68.3)/(D*H*2.22E+06) 
** : 

* 

*G0 


TIME IN MINUTES MASS IN GRAMS VOLUME IN MLS 


NO OOF SAMPEES seo COLLECTION TIME: 30 Sec 
VOLUME COUNTED: .01 % COUNTING EFFICIENCY: 21% 
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radioactivity in each 1 ml portion of Dowex 1-X4 resin 


COMPUTER PROGRAM C 


This program was used initially to calculate the 
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eluate and to calculate the percentage of the total radio- 


activity applied on the resin that was recovered in each 


1 ml portion of eluate. 


In animal distribution studies, Program C was used to 


calculate the radioactivity in each tissue and the percen- 


tage of the total administered radioactivity recovered in 


each tissue. 
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*01.30 S L=FLOG( 


93S AT=X 
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MICRO-CURIES AT END OF ELUTION" 
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*02.10 D 83S T=TD+TQ/23;S X=100*(C-B)/(G*2.22E+06);D 9; 
SUCel Cul thio. - ities LOTTO fils Xx 

WOZaLSET BS. O2eT Fi seuM, XS St ri pvedsn/ ALS i ebDakD+hQat xX; 
puceco Gi 2.1 

* 

BUG tO PsA AXSE SUK K) Oro sPSA XX SC.1Q03S TQ=10/ 1003 Ps] 
(6)8.2;58> 2.8.26 

*08.20 S C=1000000 

™03.A25 S C=C/TQ;R 

“06.30 To! ACTIVITIES CORRECTED FOR DECAY 


TO END OF ELUTION PERIOD";Q 
* 
*09.10 S X=X*FEXP(L*T) 


K* 
* 


*a@0 


SS PT OPABAEEUTED ACTIVITY CALCULATIONS *** 


VOL COUNTED IN MLS: 0 DELAY IN MINS FROM END OF ELUTION: O 
CPM OBSERVED: 0 BACKGROUND: 0 TOTAL ELUTED VOL IN MLS: O 
ARCOUMPING SEFEICIENCY: 21 HALF-LIFE IN MINS: 68.3 
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COMPUTER PROGRAM D 


The mean and standard deviation values for the data 


obtained in the tissue distribution studies at each time 


interval were calculated using Program D. 
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